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Figure  1:  22 

The  reduced  steady-state  viscosity  >7  Iq  versus  the  reduced  shear  rate 
r  k  for  solutions  of  PBT-53  in*methane  sulfonic  acid.  From  top  to 
bottom:  25.5  gkg-1  (0,  0-,  0,  9,-0  for  12.5,  23,  30,  40,  60  C, 
resp.);  28.0  gkg  ~  (0-,  0  for  38,  60,  resp.);  29.4  gkg-  (O,  0,  O-for 
12,  21,  40  C,  resp.);  31.7  gkg-1  (Or,  9  for  40,  60  C,  resp.);  and 

32.3  gkg"  (8,  19,  43,  60  C  for  O,  0-,  (^,-0,  resp).  The  solid 
curves  represent  Eqn.  21  using  the  t).  and  r.  in  Table  4.  The  dashed 
curves  represent  the  data  for  the  solution  with  w  =  25.5  gkg-  to 
facilitate  comparison  of  the  data  at  various  w. 

Figure  2:  23 

The  reduced  steady-state  recoverable  compliance  R  /R  versus  the  reduced 
shear  rate  r  k  for  the  solutions  identified  in  tne  caption  to  Fig.  1. 

The  solid  curves  represent  Eqn.  22  using  the  t).  and  r.  in  Table  4. 

The  dashed  curves  represent  the  data  for  the  solution  with  c  =  25.5 
gkg-1  to  facilitate  comparison  of  the  data  at  various  w. 

Figure  3:  24 

The  reduced  steady-state  viscosity  versus  the  reduced  shear  rate 

r  k  for  solutions  of  PBT  polymersu  in  methane  sulfonic  acid.  From 
top  to  bottom:  PBT-72,  25.4  gkg-1  (9,  O,  0  for  24,  39,  55  C, 
resp.);  PBT-72,  29.4  gkg-1,  (Or  0  for  39,  58  C,  resp.);  PBT-72-R, 

29.6  gkg  1  (0,  9,  0  for  23,  39,  58  C);  PBT-43,  31.5  gkg-1  (-O,  9, 

O-  ,  O  for  10,  14.5,  18,  23.5  C,  resp.)._  The  dashed  curves 
represent  the  data  for  PBT-53,  c  =  25.5  gkg”  . 

Figure  4:  25 

The  upper  three  panels  give  the  reduced  steady-state  recoverable  com¬ 
pliance  R^/R0  versus  the  reduced  shear  rate  rc*;  the  lowest  panel 
gives  the*  reduced  dynamic  compliance  J’M/Rg  c  versus  the  reduced 
frequency  r  w.  The  data  are  for  the  solution  in  the  corresponding 
panels  identff ied  in  the  caption  to  Fig.  3.  _  The  dashed  curves 
represent  the  data  for  PBT-53,  w  =  25.5  gkg  . 

Figure  5:  26 

The  flow  birefringence  function  versus  the  reduced  shear  rate  r  *  for 
solution  of  PBT  in  methane  sulfonic  acid.  From  top  to  bottom: 

PBT-53,  25.5  gkg-1,  (•-  ,  *  for  23,40  C,  resp.),  28.0  gkg-1  (6,60 
C),  29.4  gkg-1  (0,  O  for  23,40  c,  resp.),  31.7  gkg-1  (3,  40  C); 
PBT-72,  25.4  gkg- 1  (Q,  O-  for  39,  55  C,  resp.);  PBT-72R,  29.6 
gkg-1  (-0,  O,  Ofor  23,  39  and  60  C,  resp.);  and  PBT-43  (31.5 
gkg  ,  9-  O-for  15,  23  C,  resp.).  The  solid  curve  represents  Eqn. 

12  with  Eqn.  28  using  the  i}.  and  r.  in  Table  4. 

Figure  6:  11  27 

Temperature  dependence  of  the  viscosity  1 relative  to  that  tj  of  methane 
sulfonic  acid,  and  the  concentration  w  for  the  onset  of  the  nematic 
phase.  In  the  figures.  A'  and  A"  are0  the  values  of  and  w  , 

respectively,  for  T  =  313K.  The  symbols  denote  °PE?T-53,  6; 
PBT-72,  •  and  PBT-43,  0. 

Figure  7:  28 

The  reduced  creep  compliance  J^tJ/Rg  (open  circles)  and  recoverable  com¬ 
pliance  R  (t)/R  (filled  circles)  versus  the  reduced  time  t/r  for  a 
solution  ot  PBT-53  in  methane  sulfonic  acid,  w  =  25.5  gkg^  .  The 
symbols  0(«),  9-  0-,  6,-0  denote  stress  <r/Pa  equal  to  2.8,  15.2, 

68.3,  78.7  and  145,  resp.  The  data  for  0(»)  are  at  23  C;  all  others 
at  13  C. 

Figure  8:  29 

The  reduced  recoverable  compliance  function  R^(t)/RQ  versus  the  reduced 
time  t/r  for  a  solution  of  PBT-53  in  methane  sulfonic  acid,  W  = 

29.4  gkg  \  The  stress  <r/Pa  is  6.6  (6),  39.3  (O'),  and  57.5  (9)  with 
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T  =  40°  20°,  and  40°C,  respectively.  The  curve  represents  Eqn. 

14  with  the  R.  and  X.  given  in  Table  4. 

Figure  9:  11  ^  30 

The  reduced  flow  birefringence  relaxation  function  M  (t)/M  (filled  circle) 
and  stress  relaxation  function  9  (t )/tj  (open  circlef  for  PBT-72, 

25.4  gkg  (top)  and  PBT-53,  2^4  gkg-1  (bottom)  in  methane  sul¬ 
fonic  acid.  For  PBT-72,  */ s-1  is  0.0208  (0),  0.0358  (0-),  0.0726 
'  (9),  Q.100  (-0),  0.0126  (•),  0.0502  (*),  all  at  39  C.  For  PBT-53, 

k/ s"1  is  0.0227  (O),  0.0455  (O  ),  0.0851  (O),  0.186  (-0),  0.0050  (f), 
0.0126  (•),  0.0502  (-•),  all  at  21  C,  and  0.0050  (i),  0.0252  (•-  ), 
both  at  40  °C. 

Figure  10:  31 

The  viscosity  for  solutions  of  several  rodlike  polymers  over  a  range  of 
concentration  and  chain  length.  Here  a*  and  A  =  KN  (1-B)  are 
empirical  parameters  obtained  by  comparison  with  Eqn.  18  as 
described  in  the  text  The  symbols  designate  the  rodlike 
polymer/solvent  system  as  given  in  the  caption  to  Figure  9  in  Ref. 

1. 

Figure  11:  32 

The  reciprocal  of  the  critical  strain  y#  versus  weight  percent  lOOw  for 
several  PBT-53  solutions  in  MSA. 

Figure  12:  45 

Schematic  diagram  showing  the  concentration  (weight  fraction  w)  and  tem¬ 
peratures  used  in  rheological  studies  on  solutions  of  PBT-53. 
Regions  of  isotropic  and  nematic  solutions  are  indicated  on  the 
diagram. 

Figure  13:  46 

Schematic  diagram  showing  the  concentrations  (weight  function  w)  and 
temperatures  used  in  rheological  studies  on  solutions  of  PBT-62. 
Conditions  of  w  and  T  for  which  solutions  were  observed  to  be 
isotropic  or  nematic  are  indicated  by  □  or  KD,  respectively.  Data 
for  conditions  to  the  left  and  right  sides  of  the  dashed  line  are 


given  in  Figs.  16  and  20,  respectively. 

Figure  14:  47 

The  steady-state  viscosity  of  q  for  solutions  of  PBT-53  with  T  ~ 

20  °C — the  symbols  indicate*  w/gkg~  of  25.5,  O;  29.4,  -0;  32.3,  O 
and  42.7  0-. 

Figure  15:  48 

The  steady-state  viscosity  rj  and  recoverable  compliance  R  for  solutions 
of  PBT-62  with  T  Z  feo°C.  The  symbols  indicate  w  as  in  Fig.  13. 

Figure  16:  49 

n  and  FWRQ  versus  R  i?0k  for  isotropic  solutions  of  PBT-53  (w  = 

*  25.5g/k*g,  with  symbols  as  in  Fig.  12).  The  curves  for  rj  Jq  and 

R  /R  represent  Eqns.  21  and  40,  respectively,  with  the  r.  and 
in*Taole  8.  1  1 

Figure  17:  50 

VKh0  and  F?^/RQ  versus  for  isotropic  solutions  of  PBT-62 

*  (symbols*as  in  Fig.  13).  n'ne  dashed  curve  represents  R  /R  vs  r  k 

from  Fig.  16.  *  0  c 

Figure  18:  51 


vj> i0  (or  17  /»7p)  and  R^/R  versus  R_  17  (or  RD>?p*)  for  isotropic  (or 
nematic)  solutions  of  PBT-53  (w  -  32.3  g/kg,  with  symbols  as  in 
Fig.  12).  The  solid  curves  for  vK^0  and  R^/Rq  represent  Eqns  21 
and  40,  respectively  with  the  r.  and  ij.  given  in  Table  8.  The 
dashed  curve  shows  R  (t)/R  versus  r  /t  1 

Figure  19:  c  52 

f]Jvp  and  R^/Rq  versus  R0<?p*  for  nematic  solutions  of  PBT-53  (w  = 

42.7  g/kg,  with  symbols  as  in  Fig.  12).  The  dashed  curves 
represent  the  curves  given  in  Fig.  18. 
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Figure  20: 

and  fWRQ  versus  Rq^,*  for  nematic  solutions  of  PBT-62 

*  (symbols*as  in  Fig.  13).  uThe  curves  represent  the  behavior  shown 
in  Fig.  17. 

Figure  21: 

tj  It)  and  R  /R  versus  R  x  for  solutions  of  PBT-62  (symbols  as  in 

*  Fig.  13f  The  curves  represent  the  behavior  shown  in  Fig.  17. 

Figure  22: 

tj  It)  and  R  /R  versus  R  i?  *  f°r  solutions  of  PBT-62  (symbols  as  in 

*  Fig.  I3f.  The  dashec?  curves  represent  the  behavior  shown  in  Fig. 
17. 


Figure  23: 

Creep  J  (t)  and  recoverable  compliance  R  (t)  versus  t/r  (with  r  =  170s) 
for  a  nematic  solution  of  PBT-53f  (w  =  32.3  g/kg,  T  =c  19.5°C). 
Values  of  shear  stress  at  Pa  used  are  given,  along  with  the 
parameter  y  . 

Figure  24: 

The  stress  <r( t)  in  a  stress-growth  experiment  versus  the  strain  *t  for  a 
solution  of  PBT-53  (w  =  32.3  g/kg)  at  temperatures  for  which  the 
solution  is  isotropic  (43°C)  and  nematic  (19.5°C).  Values  of  /e/s 
are  indicated. 

Figure  25: 

The  stress  <r(t)  in  a  stress-growth  experiment  versus  the  strain  /ct  for  a 
nematic  solution  of  PBT-53  (w  =  42.7  g/kg)  at  two  temperatures. 

Figure  26: 

The  critical  strains  y*  and  y  plotted  (as  the  inverse)  versus  the  con¬ 
centration  w  for  solutions  of  PBT-53. 

Figure  27: 

Left  side:  t)  /M  [t)](a*/a*)  versus  BcL  /M  «*  for  isotropic  solutions 
of  PBT-53,  PBT-62  and  other  rodlike  polymers  (see  the  preceding 
for  identification  of  the  symbols).  Here  B/c*  is  obtained  by  com¬ 
parison  of  Eqn.  18  with  experiment  (see  the  preceding),  and  B/a*  is 
an  arbitrary  constant. 

Right  side:  The  same  quantities  for  nematic  solution  of  PBT-62,  (a) 
and  PBT-53  (•  ) 

Figure  28: 

R^,(t)/R  versus  t/r  for  two  isotropic  solutions  of  PBT-53  (w/g  kg 
equal  to  25.£  and  29.4,  long  and  short  dash,  respectively)  and  a 
nematic  solution  (w  =  32.3  g/kg,  T  =  19.5°C,  solid  curve).  For  the 
latter,  rc  is  replaced  by  i^R  and  RQ  is  replaced  by  R^.  With  the 
isotropic  solutions,  R  (t)  =  *R,*(t),  and  with  the  nematic  solution,  a  = 
14.6  Pa.  "  0 


Figure  29: 


V(r20/r-)' 


j, .  T„  R  and  N  versus  (r^fr  )*  for  an  anisotropic  solution  of 
poly(y-6enzylglu4mate)  in  cresor  for  T/K  equal  to  273  (A,A)  and 
293  (O,*).  The  dashed  line  and  the  data  on  N  1  are  from  Ref.  36. 
The  factor  rT/r20  is  unity  for  T  =  293K  and  chosen  to  superpose 
data  on  R  versus  (rT/r  )*  for  T  =  273K.  The  range  denoted 
"N  ”  anomaly"  designates  Tne  range  for  negative  N1  according  to 
Ref.  38.  * 


Figure  30: 


R0(t)/R  versus  t/r  (with  =  >7  qRq)  f°r  an  isotropic  solution  of  PBT-53 

(0.0294  weight  fractPon  polymer), - ,  and  R  (t)/R  versus  t/ij  R 

for  a  nematic  solution  of  the  same  polymer  (0?032(f  weight  fraction 


polymer). 


For  the  latter,  R  (t),  R„  and  n  were  determined 

a  ,  3:  'p 


Figure  31: 


after  steady-state  flow  with  vp^KK  ~  1. 


Rheological  data  for  isotropic  (-0,  O)  and  nematic  (0-,  O)  solutions  of 
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PBT-53  (0.0323  weight  fraction  polymer.  With  the  latter,  >?0  is 
replaced  by  y  ,  see  text  The  curves  are  calculated  with  Eqns.  3.3 
and  3,4  using  ’experimentally  determined  values  of  r.  and  t].. 

Figure  32: 

i?n/M  [i?](<z*/<z*)3  versus  BcL  /M  a#  for  isotropic  and  nematic  solu- 
0  wtions  of  TBT-53  #and  PBT-62;3  With  the  nematic  solutions,  t)Q  is 
replaced  by  tj  (c*  is  a  constant). 

Figure  33:  p 

The  steady-state  flow  birefringence  versus  the  reduced  shear  rate  >?0Rq* 
for  an  isotropic  solution  of  PBT-53  (0.0255  weight  fraction)  at 
several  temperatures.  The  curve  is  calculated  with  Eqns.  3.5  and 
3.10  using  experimentally  determined  values  of  r.  and  tj.. 

Figure  34: 

The  reduced  flow  birefringence  relaxation  function  ltyl(t)/M  and  stress 
relaxation  function  7/ ^ WyK  for  anisotropic  solution*  of  PBT-53 
(0.0294  weight  fraction)  fo*  several  shear  rates,  with  J3  ~  r  R  . 

Figure  35:  *  ~  *  * 

The  zero  shear  viscosity  t/  as  tj  /tj  M[i?]  vs.  cL  for  PBT-nylon  mix¬ 
tures  (circles  with  pipe)  ana  P§T  in  nylon-frefe  solutions  — c  refers 
to  PBT  concentration  only,  in  methane  sulfonic  acid.  For  the  mix¬ 
ture,  the  compositions  are  (see  Table  10),  20/80,  ;  30/70,  ;  40/60, 
;  50/50,  ;  70/30,  ;  and  80/20,  . 


Figure  36: 

The  viscosity  of  the  nylon-66  polymer  used  as  a  function  of  the  nylon 
concentration  (in  PBT  free  solutions). 

Figure  37:  The  viscosity  5  versus  *  and  the  dynamic  viscosity  17  ( w )  versus  w 
for  the  50/50  l%T/nylon  mixture. 

Figure  38:  Steady-state  flow  curve  for  PBT-nylon  mixture  and  PBT  solutions; 
symbols  are  as  in  Fig.  A. 

Figure  39:  Steady-state  recoverable  compliance  curve  for  PBT-nylon  mixture 
and  PBT  solutions;  symbols  are  as  in  Fig.  A. 

Figure  40:  Steady-state  flow  birefregence  for  mixtures  (PBT  and  nylon  in 

solution;  symbols  are  as  in  Fig.  A. 

Figure  41:  Stress  relaxation  for  mixture  of  PBT/nylon  and  PBT  solutions;  sym¬ 
bols  are  as  in  Fig.  A. 

Figure  42:  Flow  birefringence  relaxation  for  PBT/nylon  mixtures  in  solution; 

symbol  as  in  Fig.  A. 

Figure  43:  The  shift  factor  ^  versus  r  k 
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1.  LINEAR  AND  NONLINEAR  TRANSIENT  RHEOLOGICAL  BEHAVIOR  OF 
RODLIKE  POLYMERS  IN  SOLUTION 

SUMMARY 

Rheological  and  rheo-optical  studies  are  reported  for  isotropic  solutions  of  the  mesogenic 
rodlike  poly(1,4-phenylene-2,6-benzobisthiazole),  PBT.  Several  PBT  samples  are  used  with 
average  contour  lengths  from  95  to  135  nm.  Concentrations  were  varied  over  a  range 
just  below  the  concentration  cp  for  the  formation  of  an  ordered  (nematic)  state.  The 
predictions  of  a  single-integral  constitutive  equation  of  the  BKZ-type  utilizing  experimental 
estimates  of  the  distribution  of  discrete  relaxation  times  is  compared  with  experimental 
data  on  the  steady-state  viscosity  y  ,  the  recoverable  compliance  function  R  ,  and  the 
steady-state  flow  birefringence  as  functions  of  the  shear  rate  *,  with  satisfactory  results. 
The  relaxation  of  the  shear  stress  and  the  flow  birefringence  on  cessation  of  steady-state 
flow  at  shear  rate  k  are  also  compared  with  the  single-integral  constitutive  equation,  and  it 
is  found  that  in  the  nonlinear  response  range  the  data  can  be  superposed  over  a  wide 
range  in  k.  The  overall  behavior  is  qualitatively  similar  to  that  for  flexible  chains,  which  can 
also  be  fitted  by  the  single-integral  constitutive  equations  over  similar  ranges  of  VqRq*. 
with  and  RQ  the  limiting  values  of  ^  and  R^  for  small  *.  Of  course,  the  dependence 

of  i)Q  and  Rq  on  concentration  and  molecular  weight  differs  markedly  for  rodlike  and 
flexible  chain  polymers. 

INTRODUCTION 

Elsewhere1,  several  steady-state  rheological  properties  were  studied  in  the  linear  and  non¬ 
linear  response  range  for  rodlike  macroions  in  solution  in  protic  sulfonic  acids.  The  other¬ 
wise  uncharged  polymers  are  modified  to  become  macroions  in  solution  through  protona¬ 
tion  by  the  sulfonic  acid.  The  rheological  properties  studied  included  the  dependence  on 
shear  rate  k  of  the  steady-state  viscosity  t)  ,  recoverable  compliance  R^  and  flow 
birefringence  function  =  An^  /(>? ^k)  ,  where  An^  is  the  flow  birefringence  in  the 
1-3  plane.  The  parameters  are  defined  elsewhere.1-5  Here,  we  will  report  some  transient 
rheological  properties  for  solutions  of  the  rodlike  polymer  poly(1,4-phenylene-2,6- 
benzobisthiazole),  PBT: 
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PBT 


Transient  properties  obtained  after  initiation  of  flow  include  the  nonlinear  creep  compliance 
J  (t)  and  the  viscosity  growth  function  $  (t)  defined,  respectively,  as5,6 

JJt)  =  y(t)/<r  (1) 

1K{t)  =  <r(t)/ k  (2) 

Here  y(t)  is  the  strain  at  time  t  after  imposition  of  a  shear  stress  a  and  <r(t)  is  the  shear 
stress  at  time  t  after  imposition  of  a  steady  rate  of  shear  *.  Of  course,  for  large  t,  both 
i]  ^ t)  and  t/J^lt)  are  equal  to  y  . 

Transient  properties  obtained  after  cessation  of  steady  state  flow  include  the  recoverable 
compliance  function  R^t),  the  viscosity  relaxation  function  9  (t)  and  the  flow  birefringence 
relaxation  function  M  (t)  defined,  respectively,  as 


R<r(t)  =  y^X),ff 

(3) 

7^(t)  =  <r(t)/ K 

(4) 

M  (t)  =  An”3)(t )Hvkk)2 

(5) 

Here  yR(t)  is  the  recovered  strain  at  time  t  after  cessation  of  steady  flow  at  shear  rate  * 
(shear  stress  a  -  $^*),<r(t)  is  the  shear  stress  at  time  t  after  cessation  of  steady  flow  at 
shear  rate  *,  and  An^  (t)  is  the  birefringence  (in  the  1,3  plane)  at  time  t  after  cessation  of 
steady  flow  at  shear  rate  *.  For  large  t,  R  (t)  =  R  ,  whereas  both  $  (t)  and  M  (t)  are 
zero.  For  t  =  0,  the  latter  are  and  M^,  respectively. 
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c  c 

For  small  k  or  a,  linear  viscoelastic  behavior  is  expected,  '  for  which  one  has  the  well- 
known  relations 


lim 

ff=0 

=  J0(t)  =  Ro(t)  +  t7’o 

(6) 

lim 

R^(t)  =  Ro« 

(7) 

<r= 0 

c  * 

lim 

=  ’o(t)  =  J  Go(u)du 

(8) 

K=  0 

v  0 

O 

1  i 

’*(t)  =  =  ’o  "  ’o(t) 

(9) 

The  creep  compliance  JQ(t)  and  the  linear  modulus  GQ(t)  are  related  through  a  convolution 
integral: 


J  Gq(u)  JQ(t  -  u)du  =  t 

C  * 

J  G0(u)R0(t-u)du  =  t  — 


+  r 


N00)(t) 


0 

where 

and 


*0  Ro 

rc  =  ’0R0 

No”w  =  *o~2  uGolu,du 


(10a) 

(10b) 


(11) 


o  g  *7 

Equations  10  provide  a  means  to  compute  JQ(t)  from  GQ(t)  or  vice  versa  ,  see  below. 

1  8 

As  discussed  elsewhere  ,  according  to  the  "stress-optic"  law  is  related  to  the  first 

(1)  (23)  (13) 

normal  stress  function  (with  neglect  of  An  in  comparison  with  An  ): 


id) 


M  ~  2  €'  N1 

K  K 


(12) 


Here,  N(JJ  =  v(1)/2 (*>;^)2,  where  v(1>  is  the  first  normal  stress  difference  for  steady  flow 
at  shear  rate  *,  and  the  coefficient  (E  is  about  equal  to  the  ratio  (D  of  the  principal 

q  g 

components  of  the  refractive  index  and  stress  ellipsoids:  ' 


/  cot  2X  \  _  ^  _ 

(D  =  \  - fTT -  /  (C  <v  (C 

N  %  x 

at  *  at 


(13) 


with  X  the  extinction  angle  locating  the  cross  of  isocline  (the  symbol  was  used  to 
designate  in  Ref.  1).  As  indicated  in  Eqn.  13,  the  term  in  parenthesis  is  expected  to 
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be  nearly  unity.  With  Eqn.  12,  the  limiting  value  MQ  of  for  small  *  is  given  by  MgR”1 
~  2C  .  With  the  stress-optic  law,  C  is  expected  to  be  independent  of  polymer  con¬ 
centration  or  molecular  weight  for  rodlike  chains.  For  small  k,  data  on  the  limiting  value  of 
the  flow  birefringence  An<12>  in  the  1-2  flow  plane  provide  an  alternative  measure  of  (D  , 
with  An{]2)/t]QK  /v  2(D'. 
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EXPERIMENTAL 


Materials 

Polymers  PBT  53  and  43  are  described  in  Ref.  1.  Polymers  PBT  72  and  72R  are 
described  in  Ref.  10.  The  latter  two  represent  examples  of  an  otherwise  common  sample 
exposed  to  separate  post-polymerization  process  histories.  Sample  72R  experienced 
several  precipitation  and  redissolution  cycles,  whereas  sample  72  was  coagulated  directly 
from  the  polymerization  solution. 

Methane  sulfonic  acid  was  distilled  prior  to  use  and  stored  away  from  contamination  by  at¬ 
mospheric  moisture.  Polymers  were  dried  in  vacuo  prior  to  use.  Extreme  caution  was 
taken  to  prevent  contamination  of  the  solutions  by  moisture.  Even  modest  amounts  of 
water  can  lead  to  intermolecular  association  in  acidic  solution  of  heterocyclic  polymers, 
with  substantial  effects  on  rheological  properties. 1 1  Methods  used  here  parallel  those  dis¬ 
cussed  in  Ref.  1. 

The  wire-suspension  cone-and-plate  rheometer12  and  the  flow  birefringence  apparatus 
described  in  Ref.  1  were  used  for  most  of  the  work  reported  here.  A  few  data  were 
also  obtained  with  a  Rheometrics  model  RMS  7200  rheometer,  equipped  with  a  Birnboim 
Correlator  model  DAS-IV,  principally  to  permit  estimation  of  the  linear  steady-state 
recoverable  compliance.  The  apparatus  was  modified  to  retard  the  rate  of  contamination 
by  moisture  by  use  of  the  protective  ring  assembly  described  in  Ref.  1  (e.g.,  see  Fig.  1  of 
Ref.  1). 

The  temperature  for  the  onset  of  the  ordered  nematic  phase  was  determined  by  obser¬ 
vation  of  the  transmitted  light  with  the  sample  between  crossed  polaroids  in  a  microscope 
(approximately  100  x  magnification).  The  sample  was  held  in  a  special  cell  fabricated  from 
rectangular  glass  tubing.  (Vitro  Dynamics,  Inc.,  Rockaway,  NJ).  The  sample  thickness  was 
0.4  mm;  use  of  cells  ca.  0.02  mm  thick  produced  a  marked  increase  of  the  transition  tem¬ 
perature,  but  no  such  effect  was  found  for  cells  of  the  thickness  used.  The  sample  was 
sealed  in  the  cell  to  prevent  contamination  by  moisture.  After  a  rapid  temperature  scan  (ca. 
0.0 IK  s  ^  to  provide  an  approximate  estimate  for  the  transition  temperature,  the  tempera¬ 
ture  was  adjusted  to  give  a  nematic  sample  about  5-10  degrees  below  the  transition  tem- 
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perature.  After  equilibration,  the  temperature  was  slowly  increased  by  increments  (ca.  IK), 
allowing  the  necessary  time  for  equilibration  between  increments;  equilibration  times  varied 
from  ca.  10  min  to  several  hours,  depending  on  the  viscosity.  Stability  of  the  anisotropic 
texture  was  taken  as  the  criterion  of  equilibration.  The  transition  temperature  was  taken  as 
the  temperature  for  the  disappearance  of  the  last  nematic  domains.  After  conversion  to 
the  isotropic  state,  the  process  was  reversed,  with  slow  cooling  to  confirm  the  transition 
temperature.  The  process  is  more  difficult,  and  it  is  easy  to  obtain  supercooling,  by  as 
much  as  5K  for  viscous  samples. 
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RESULTS 


The  systems  studied  are  identified  in  Table  1.  Values  of  yQ,  RQ  and  MgR”1  are  given  in 
Tables  2  and  3.  Plots  of  y  ft)  ,  R  /R  and  M  /R  versus  r  k  are  given  in  Figs.  1  to  5. 
As  seen  in  the  latter  figures,  reduced  plots  are  obtained  at  various  temperatures  in  every 
case  but  one.  The  exception  is  for  a  solution  of  PBT-53,  c  =  32.3  gKg-1,  at  a  tempera¬ 
ture  for  which  the  solution  has  become  nematic.  This  latter  behavior  is  included  for  il¬ 
lustrative  comparison  only,  and  will  not  be  considered  further  here;  such  behavior  will  be 
amplified  in  Section  2. 

The  reduced  plots  of  i]  h)  ,  R  /R  and  M  /R  versus  r  k  are  each  nearly  independent  of 
c  for  a  given  polymer  for  the  available  example.  Moreover,  the  curves  for  yJvQ  and 
R^/Rq  versus  r c*  do  not  differ  markedly  among  the  samples  studied.  The  most  marked 
difference  among  the  reduced  curves  is  for  M^/RQ  versus  r c*  for  the  different  samples. 
Possible  reasons  for  this  are  discussed  below. 

Plots  of  In  and  In  wc  versus  T-1  are  given  in  Fig.  6.  Here,  wc  is  the  concentration 

for  conversion  from  an  isotropic  state  (w  £  wc)  at  T  to  a  nematic  state  (w  >  wc>  at  T  and 
j?s  is  the  solvent  viscosity.  For  methane  sulfonic  acid  ?s  is  7.67m  Pa's  at  313K  and 
3lni?  /3T  1  =  2800K.  As  seen  in  Fig.  6,  3  ln(>?  />?  >/0T~ 1  =  1265K  for  the  isotropic 
samples  studied.  The  data  on  wc  may  also  be  fitted  by  an  Arrheneus  relation  with  3  In 
wc/3T_1  =  -433K,  and  w^gkg-1  equal  to  32.2,  32.3  and  34.9  at  313K  for  PBT  72,  53 
and  43,  respectively.  With  these  results,  3ln{>?0/i;sw^)/3T_  1  =  34K  is  nearly  negligible,  see 

below.  The  product  [?]w cp  is  equal  to  81,  67  and  47  for- PBT  72,  53  and  43,  respec¬ 

tively  (T  =  313K). 

As  with  earlier  reports  ,  RQT  is  found  to  decrease  with  increasing  w,  and  to  be  inde¬ 
pendent  of  T  when  w  is  well  below  w  .  However,  as  w  is  approached,  R„T  increases 

c  c  0 

with  increasing  w. 

Data  on  J^(t)  are  given  in  Fig.  7  for  PBT  53  (c  =  25.5  gkg-1).  As  with  results  reported 
elsewhere  for  flexible  chain  polymers,  ’  it  appears  that  J^(t)  ~  JQ(t)  for  any  stress  for  t  < 
t*  decreases  with  increasing  a.  As  with  flexible  chain  polymers,  the  strain  y*  =  y(t*)  = 
crJ^lt*)  is  about  independent  of  <r.  Values  of  y*  are  discussed  below. 
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The  function  R  (t)  is  shown  in  Fig.  8  for  PBT-53,  c  =  29.4  gKg-1.  For  small  t,  R  (t)  is 
ff  a 

independent  of  a,  but  for  large  t,  R^(t)  is  decreased  by  increased  a .  Similar  behavior  has 
been  reported  for  flexible  chain  polymers.2,3 

Data  on  17  J t)  obtained  here  display  a  broad,  shallow  maximum  with  increasing  k  at  a  time 
t+  It  is  found  that  t+  decreases  with  increasing  *  such  that  the  strain  y+  =  *t+  is  essen¬ 
tially  independent  of  k.  Similar  behavior  is  well  known  with  linear  polymers  in  the  range  of 
r c*  of  interest  here6  In  every  case,  y  +  >  y*.  Possibly,  y ^(t)  Z  *7 Q(t>  for  *t  <  y*.  similar 
to  results  reported14  for  flexible  chain  polymers,  but  our  data  at  small  t  are  not  suf¬ 
ficiently  precise  to  be  certain  of  this. 

Data  on  and  (t)/M^  for  two  solutions  at  several  temperatures  are  given  in  Fig. 

9.  The  data  are  represented  in  reduced  form  versus  t/ /3  ,  where  the  reduction  factors  /3 
are  shown  as  a  function  of  r  =  n  R  in  the  inserts.  For  each  function,  the  reduced 
curves  superpose  over  the  range  of  *  studied.  The  rate  of  relaxation  of  M^tJ/M^  is  con¬ 
siderably  less  than  that  of  9  (t)/  *7  ;  similar  behavior  has  been  reported15  for  flexible  chain 

K  K 

polymers. 

Data  on  PBT-72R  are  included  to  demonstrate  the  dramatic  effects  of  intermolecular  as¬ 
sociation  on  the  rheological  behavior.  This  polymer,  discussed  in  Ref.  10,  is  a  form  of 
PBT-72  in  which  (apparently)  irreversible  intermolecular  association  of  the  chains  in  (nearly) 
parallel  array  has  been  induced  through  the  post-polymerization  processing  history.  As 
might  be  expected  with  such  aggregates,  the  aggregated  species  have  significantly  smaller 
>?0  for  a  given  w  and  T. 
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DISCUSSION 


Linear  Viscoelastic  Behavior 

In  the  following  we  will  consider  a  representation  of  the  linear  recoverable  compliance  RQ(t) 
in  terms  of  a  discrete  distribution  of  n  -  1  retardation  times.  Together  with  t)Q  and  r  = 
j;  R  ,  these  will  be  converted  to  a  discrete  distribution  of  n  relaxation  times  to  facilitate 
computation  of  functions  such  as  37  Q(t),  9Q(t)  and  N^(t).  In  the  next  section,  the  nonlinear 
creep  compliance  will  be  discussed  in  terms  of  a  single-integral  constitutive  equation  that 
permits  computation  of  y  .  t)  (t),  j?  (t),  R  ,  N  ,  N  (t)  and  M  (t)  given  the  distribution  of 

K  K  K  fC  K  K  /C 

relaxation  times.  Finally,  comparison  of  the  behavior  observed  here  with  that  given  by 
mechanistic  models  will  be  considered. 

In  general,  the  linear  creep  compliance  JQ(t>,  equal  to  RQ(t)  +  RQt/rc  (see  Eqn.  6),  can  be 
represented  in  terms  of  a  discrete  set  of  2n  parameters  including  t ^  -  ^Rg  and  n  -  1 

retardation  times  X.  together  with  RQ  and  n  -  1  weight  factors  R.,  with 
n- 1 

RJt)  =  R  -  Z  R  exp  -  t/X.  (14) 

U  U  y  I  I 

c  c 

where  ZR.  <  RQ  '  ;  the  contributions  comprising  RQ  -  ZR.  represent  terms  with  retardation 

times  much  shorter  than  the  experimental  time  scale.  By  the  use  of  methods  based  on 

Eqn.  10,  these  2n  parameters  may  be  converted  to  an  alternative  set  of  2n  parameters 

5  S 

comprising  n  relaxation  times  r.  and  n  weight  factors  17.  such  that,  for  example,  ' 

n 

V Jt)  =  Z  17  exp  -  t It.  (15) 

0  1  1  1 

where  »_  =  Z».  and  (Zn.r*1)"1  =  R„  -  ZR.  Values  of  X./r  and  R./R_  computed  for  the 
'0  '1  '11  0  1  1  c  1  0  r 

1  6 

data  in  Fig.  8  by  use  of  "Procedure  X"  are  given  in  Table  4,  along  with  rjr  and  i/Vq 
computed  from  RQ,  rc  and  the  distribution  of  retardation  times  using  a  method  described 
elsewhere3'7  The  functions  RQ(t)/R0  and  90(f)/>?0  computed  with  these  are  shown  in  Figs.  1 
and  3.  It  would  be  difficult  to  extract  the  contribution  with  the  longest  relaxation  time  r 
by  direct  analysis  of  ^0< t)  by,  for  example,  use  of  Procedure  X  owing  to  experimental 
limitations  at  large  t.  In  general,  the  reduced  functions  X./rc,  etc.  are  independent  of  tem¬ 
perature. 
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The  linear  viscoelastic  data  discussed  above  indicate  that  the  distribution  of  retardation  (or 
relaxation)  times  is  broad.  For  example,  for  the  average  relaxation  times  r(k)  defined  by17 

r(k)  =  IVrk_1/S:Vrk"2  (16) 

it  is  found  that  r(2>/r<1>  ~  10  for  the  data  in  Fig.  8.  Here  the  primes  indicate  that  the 
summation  is  limited  to  the  "terminal"  relaxation  time  regime  (e.g.,  the  n  terms  of  interest 
here).  In  the  terms  used  above  r(2>  ~  r  and  r(1>  ~  »-(Z».r_  V1  =  j?n(R„  “  2R.). 

c  'Oil  '00  i 

A 

With  the  use  of  the  'stress-optic'  relation  discussed  in  the  Introduction,  M(t)  is  expected  to 

(03) 

fit  the  relation  (with  neglect  of  An^  ): 

jv^(t)  =  lim  M  (t)  ~  2  €'  ri~2  Zi ,.t.  exp  -  t It.  (17) 

A  plot  of  this  function  calculated  with  the  v/v0  and  r./rc  given  in  Table  4  is  included  as 
the  curve  in  Fig.  9;  no  data  on  M(t)  are  available  for  the  solutions  studied  here,  but  an  es¬ 
timation  of  M(t)  from  data  on  M^(t)  is  considered  below. 

O 

Following  the  methods  discussed  in  Ref.  1,  a  plot  of  ]a*  versus  cL/M^*  is 

given  in  Fig.  10.  Here,  c  =  w/>,  with  the  solution  density  p  approximately  equal  to  the 

solvent  density  p  for  the  weight  fraction  w  of  polymer  interest  here,  ML  =  M/L  is  the 

mass  per  unit  contour  length  and  a *  is  an  empirical  parameter  chosen  to  fit  the  ex¬ 
perimental  data  by  the  relation 

=  KN2M[,]c*3  X3  (1  -  BXf2  (18) 

I 

where  X  =  cL/MLe*.  The  plot  in  Fig.  10  was  constructed  using  the  data  on  C  j?  3,  and 

M  =  L  M  given  in  Table  1.  Data  reported  in  Ref.  1  are  included  for  comparison.  The 
9  9*-  -  i 

j 

data  are  well  fitted  by  Eqn.  18,  with  the  values  of  w#/B  =  a*NlJL^p&  given  in  Table  5  and  | 

KB-3  =  1.5  x  10“ 4  These  values  are  conveniently  deduced  by  comparison  of  bilogarithmic  ; 

plots  of  9q/ ^s^Ijj  1 9  3  versus  cL^/Ml  with  a  similar  plot  of  (BX)3(1  -  BX)-2  versus  BX  (Eqn. 

18).  If  these  have  the  same  shape,  then  the  vertical  and  horizontal  'shifts’  required  to  su- 

2  3  ! 

perpose  the  curves  are  equal  to  log  KNA(c*/B)  and  log  a*/ B,  respectively.  As  seen  in 

Table  5,  values  of  wc  and  w*B-1  are  equal  within  experimental  error.  The  correspondence 

I 

i 


10 


of  wc  and  w*B-1  and  the  temperature  dependence  of  wc  provides  a  basis  for  the  ob- 
served  negligible  temperature  dependence  of  ’?c/’?sWc  remar'<ec*  above. 

With  Eqn.  18,  the  substantial  disparity  between  values  of  j?q  for  PBT  72  and  72R  at  a 

given  c  and  T,  is  subsumed  in  the  parameter  w*B-1.  Apparently,  the  suspected  aggregation 

affects  both  and  w  . 

'0  c 


Nonlinear  Viscoelastic  Behavior 

2  3 

In  many  ways  the  behavior  observed  here  closely  parallels  that  reported  elsewhere  ’  for 

flexible  chain  polymers.  In  the  latter  study,  a  single-integral  constitutive  equation  of  the 

BKZ  type18  was  used  to  describe  behavior  for  J  (t),  tj  (t),  t)  ,  R  ,  and  N(1).  With  J  (t),  it 

was  found  that  J  (t)  ~  JJt)  provided  the  total  strain  a  J  (t)  did  not  exceed  a  limiting  value 
a  0  o 

y*  independent  of  a.  In  accord  with  many  other  studies,  the  strain  y  =  k  t  for  which 
3>;^(t)/3t  is  zero  was  found  to  be  independent  of  k.  It  was  found  that  y  +  did  not  depend 
strongly  on  polymer  concentration  over  the  range  studied,  but  that  y*  oc  c  \  As  may  be 
seen  in  Fig.  7,  with  the  creep  data  on  PBT  solutions,  it  is  also  observed  that  J^(t)  ~  JQ(t) 
provided  a J^Jt)  £  y*.  Moreover,  as  shown  in  Fig.  11,  y*  oc  c~\ 


3 

As  with  flexible  chain  polymers,  the  rheological  behavior  described  above  is  accom¬ 
modated  by  a  BKZ-type  single-integral  equation  which  utilizes  the  linear  viscoelastic 
modulus  GQ(t)  and  a  strain  function  F(  |  y  | )  in  the  forms 


3  tj  (t) 

G  (t)  =  - —  =  Z  t].r .  exp  -  t It. 

0  at 

F{  |  y  |  >  =  exp  -  m  (  |  y  J  -  y')/y" 


(19) 

(20) 


where  m  is  zero  if  |  y  |  ^  y'  and  unity  otherwise.  In  terms  of  experimental  parameters,  y' 
=  y*  and  y”  =  y +.  With  this  relation  the  steady-state  functions  are  represented  by  the 
expressions3 


=  z  ’ i (1 "  (21) 

tjnr)  R  =  Z  tj  T .  (1  -  q  .  r  .)  (22) 

'O'*  K  I  ^/t.l  /t,l 

tj2  N(1>  =  Z  n  r.  (1  -  q  p  ) 

K  K  II  ^,1 


1 1 


(23) 


The  functions  q  .,  r  .  and  p  .,  which  depend  on  *r./y"  and  a  -  y'/y",  are  given  in  the 
Appendix,  along  with  a  relation  for  37 ^ (t),  but  it  may  be  noted  that  .  is  zero  for  kt.  <  1, 
and  approaches  unity  with  increasing  *  for  kt.  >  1.  To  a  good  approximation,  q^  .,  r 
and  p^  .  each  depend  on  J3kt.,  where  J3  =  y"f  with  f  =  1  +  a  -  a  12;  typically,  f  ~  1. 
Comparison  of  Eqns.  21-22  with  data  on  solution  of  PBT  53  (c  =  29.4  gKg  ^  are  given 
in  Fig.  8,  using  the  values  of  r.  and  17.  in  Table  4.  The  comparison  is  seen  to  be  quite 

good,  with  the  fits  to  Eqn.  21  and  22  giving  /S_1  =  1.79  (for  a  =  0.5),  in  comparison 

with  /3~'  =  2.5  computed  with  the  observed  y‘/y"  and  y",  using  y'  =  y*  and  y"  =  y+. 

In  general,  is  closely  approximated  by  [  9Q(t)]  Jct_  1  such  that 

nK  ~  C -1  a: t=  1  =  2  Vj  (1  -  exp  -  1  /*r.|  (24) 

and  this  approximation  obtains  with  the  data  in  Fig.  1  and  3  as  well.  Equation  24  reflects 
the  approximation  q^  .  ~  exp  -  2/5 JSkt.  and  ~  2.5.  Equations  21-24  show  that 
the  dependence  of  njv0  and  R^/RQ  on  r c*  for  the  k  of  interest  here  is  closely  con¬ 
trolled  by  the  distribution  of  relaxation  times  obtained  for  a  linear  response.  The  data  in 
Figs.  1-4  shows  that  n  J 1 0  and  R^/Rg  are  similar  for  the  several  samples  studied,  but  that 
distinct  differences  obtain  among  the  samples,  indicating  differences  in  the  distribution  of 

relaxation  times  and/or  the  parameters  y'  and  y"  in  terms  of  Eqns.  21  -  22. 

If  Eqn.  12  is  assumed,  then  data  on  M^/Rg  may  be  compared  with  N^’/Rg  calculated  with 
the  single-integral  constitutive  relation.  As  shown  in  Fig.  5a,  the  data  on  M^/Rg  versus 
rc*  for  solutions  of  PBT-53  at  several  concentrations  and  temperatures  form  a  single 
curve  that  can  be  fitted  reasonably  well  using  the  estimate  =  1.79  mentioned  above, 
and  IVL/R,,  ~  3.8  MP-1.  The  latter  may  be  compared  with  the  estimate  M_/R_  ~  3  MP_1 

0  0  a  '  r  0  0  a 

(12)  _ 
given  in  Table  3  based  on  data  on  An  at  lower  concentrations  of  PBT-53.  Dis¬ 
crepancies  at  small  r  k  in  Fig.  5a  may  reflect  experimental  error  in  measuring  small  values 
of  An  .  The  data  on  M  /R„  versus  r  k  for  PBT  72  and  72R  are  not  too  different  from 

K  0  C 

each  other,  but  both  lie  below  the  data  for  PBT-53  for  a  given  t^k,  as  do  the  data  for 
PBT-43.  Thus,  the  data  for  the  latter  three  solutions  indicate  a  more  rapid  decrease  of 
with  increasing  r c*  than  is  observed  with  PBT-53.  In  terms  of  the  proportionality 
oc  of  Eqn.  12,  this  corresponds  to  a  broadened  distribution  of  relaxation  times  for  the 


12 


latter  three  in  comparison  with  PBT-53.  Since  the  data  on  R  /R  and  »  /N  versus  r  k 
do  not  support  the  postulate  of  broadened  distribution,  one  may  conclude  that  additional 
factors  are  involved,  possibly  having  to  do  with  the  state  of  interchain  association  believed 
to  obtain  with  some  of  the  solutions. 

The  data  in  Fig.  9  show  that  the  relaxations  ^(t)  and  fi/Mt)  occur  more  rapidly  with  in¬ 
creasing  k,  behavior  also  observed  with  flexible  chain  polymers.  Moreover,  the  functions 
9  (t)/  v  and  fol  (t)/M  can  both  be  represented  empirically  in  terms  of  a  reduced  time  tip 
such  that 

’*(t/rc)/,?*  ~  ’o(t/^*)/9o  (25) 

foUt/r^/M^.  -v  f^(t/PKmQ  (26) 

According  to  Eqns.  25  and  26,  bilogarithmic  plots  of  9  (t)/  y  and  ltyMt)/M^  versus  t It ^  can 

each  be  superposed  by  'shifts’  along  the  log  t/r  axis  that  give  log  p  It  .  For  the  data  in 

c  /c  c 

Figs.  10-11,  p  It  ~  (r  /r  )v  with  v  =  0.77,  where  r  =  » i  R  . 

5  r  K  C  K  C  K  K  K 

In  terms  of  the  single-integral  equation  discussed  above, 

9  (t)  =  Z  tj.  (1  -  q  .)  exp  -  t It.  (27) 

r\  ^K,  I  I 

z  Vi  <’  -  0,.|  P«.|»  e*P  -  ,/Ti  (28) 

Thus,  if 

( 

M  (t)  ~  2  (C  i\f 1  }<t)  (29) 

K  K 

then  both  the  stress  and  birefringence  relaxation  can  be  predicted  with  the  single-integral 
equation  given  data  on  r.  and  the  nonlinear  parameters  y'  and  y".  Although  it  is  not 
apparent  in  their  form,  numerical  calculations  with  Eqns.  27  and  28  show  that  Eqn.  25  and 
26  are  approximately  obeyed,  with  PK  ~  T  K  f°r  T\ "distributions  obtained  here.  By 
comparison,  with  the  empirical  behavior  p  is  a  little  larger  for  a  given  r  .  Nevertheless, 
the  similarity  between  the  experimental  result  and  that  observed  with  Eqns.  27  -  29  is 
satisfactory,  given  the  limited  accuracy  of  the  tj.,  r.  set  and  the  approximate  nature  of  the 
single-integral  constitutive  equation  obtained  with  Eqn.  19.  It  does  not  seem  feasible  to 
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extract  analytical  approximations  such  as  Eqns.  25  and  26  from  Eqns.  27  -  29  given  the 
approximate  nature  of  the  numerical  comparisons.  Nevertheless,  with  Eqns.  27  -  29,  the 
enhanced  relaxation  rates  with  increased  k  are  attributed  to  the  successive  suppression  of 
terms  with  long  r.  as  k  increases,  with  the  result  that  the  remaining  terms  with  shorter  r. 
exhibit  more  rapid  relaxation.  For  example,  q^  .  is  approximately  given  by  the  relation 

-2  It 

1  "  qK.  ~  (1  +  \Pkt.  |  f)  (30) 


2 

where  t  depends  weakly  on  <z(e.g.,  e  ~  f  ).  With  this  approximation,  use  of  Eqn.  27  gives 
the  result 


JL 

Bk  3t 


[i  +!/»*- h112"'1"1  exp~,/ri 


(31) 


which  is  positive  for  all  t  and  k.  In  effect,  with  Eqns.  25  and  26,  r  is  an  approximate 
measure  of  the  effective  relaxation  time  following  steady  state  flow  at  shear  rate  k.  With 
Eqn.  22, 


r 

K 


2>;.r.(  1  -  q  .  exp  -  r  It.) 

'i  i  r  K  i 


(32) 


so  that  t  ^  decreases  with  increasing  k. 

The  empirical  behavior  given  by  Eqns.  25  and  26  suggests  that  a  set  of  pseudo-relaxation 
times  and  weights  computed  from  pseudo-retardation  times  and  weights  obtained  from 
R^t)  for  a  -  q  might  be  used  to  estimate  ij  (t)  and  N(J  J(t). 


Molecular  Aspects 

The  threshold  volume  fraction  or  concentration  cc  for  incipient  separation  of  the  or¬ 
dered  phase  from  the  isotropic  solution  is  expected  to  depend  on  chain  length  L  and 

1 Q— 2  2 

diameter  d  according  to  a  relation  of  the  forms  ' 


f  =  (6A/L  )k  f(L/d)  (33a) 

'  c  w  D 

InL  /d 

c  [,3  - 2—  =  A(M  /M  )1/z  k  f(L/d)  (33b) 

c  L  /d  z  w  D 

V 


where  kQ  is  a  polydispersity  factor,  equal  to  unity  for  a  monodispersed  polymer,  f (L/d)  ~  1 
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for  large  L/d,  A  is  a  constant  and  L  ~  (L  L  In  expressing  Eqn.  33b,  use  is  made  of 

the  relation23 

M,  [  17  ]  =  >rN  L2/24ln(L  /d)  (34) 

U  A  t)  t) 

and  Cc  is  calculated  from  the  threshold  volume  fraction  f  as  cc  =  v2?c  where  Part'a' 
specific  volume  v2  is  equal  to  ffNAd2/4ML;  data  in  Ref.  10  give  d  ~  0.5  nm  for  PBT.  For 

1 9  20 

monodispersed  polymers,  theories  of  Onsager  and  Flory  give  A  equal  to  5/9  and  4/3, 

2 1 

respectively.  Calculations  have  been  given  for  chains  with  a  most  probable  and  a  gaus- 
sian  distribution  of  L,  with  results,  respectively,  that  can  be  represented  by  the  expres¬ 
sions  (for  large  L/d),  A(M  /M  )1/2k  <v  6  1/2  and  Ak_  ~  (4/3)(M  /M  )1/3.  The  experimental 

estimates  of  cc  may  be  higher  than  values  given  by  Eqn.  33  owing  to  the  limitations  in¬ 
herent  in  observing  the  onset  of  a  birefringent  phase.  Experimental  values  of 

c  t»?](d/L  )ln(L  /d)  obtained  here  (for  T  =  313K),  calculated  with  d  =  0.5  nm,  range  from 

C  1)  t) 

0.9  to  1.1.  Thus,  the  experimental  values  of  cc  seem  to  be  in  a  range  predicted  by  theory 
given  the  molecular  weight  distribution  that  obtains24  with  PBT  and  related  polymers. 

The  correlation  of  the  data  for  1 jQ  (c,L)  with  Eqn.  18  appears  to  be  satisfactory.  Equation 

18  was  obtained  by  Doi  *  using  a  model  based  on  severe  restrictions  to  rotational 

molecular  motion  owing  to  interchain  (hard-core  repulsive)  interactions.  The  near  cor¬ 
respondence  of  w#/B  with  wc  is  in  accord  with  this  model.  The  experimental  estimate  of 
~4 

K  ~  1.5  x  10  is  far  smaller  than  the  original  estimate  K  ~  1  of  Doi,  but  is  in  better  ac¬ 
cord  with  a  numerical  estimate  of  the  rotational  diffusion  of  a  rod  moving  in  a  milieu  of 
randomly  distributed  rods.  The  considerable  variation  of  [»],  and  w  between  PBT  72 
and  72R  is  attributed  to  interchain  aggregation  of  the  latter.  Nevertheless,  the  dependence 
of  the  reduced  parameter  » _/M  [n]  on  cL  /w*  ~  cL  /w  is  found  to  be  similar  for  the 

U  1)  TJ  Tj  c 

two  polymers,  indicating  an  approximate  compensation  for  the  effects  of  the  aggregation 
on  n0  and  wc  obtaining  with  PBT  72R. 

The  experimental  values  of  R0cRT/M  are  far  larger  than  the  value  R0cRT/M  =  5/3  given 

26 

by  the  Doi  and  Edwards,  possibly  owing  to  the  effects  of  molecular  weight  distribution. 
The  data  on  RQ  exhibit  a  previously  reported  effect  RQ  decreases  with  increasing  w  for 
w/wc  <  0.7,  then  increases  with  increasing  w.  This  behavior  is  predicted  by  a  calculation  of 
Marucci  ;  the  latter  predicts  that  R0(t)  ~  RQ,  which  is  not  the  behavior  found  here. 
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i  29 

For  small  c,  it  is  expected  that  ' 

lim  €  =  J0n/3c)M/RT  (35) 

c=0 

where  J  is  the  molecular  anisotropy.  For  PBT  in  methane  sulfonic  acid  5  ~  0.6  and  the 
refractive  index  increment  8n/8c  ~  0.55  mLg-1.10  Consequently,  with  Eqn.  35  for  small  c, 
M()R~1  -v  6.9  MPa-1  if  is  used,  in  comparison  with  the  experimental  value  of  ca.  3 
MPa-1. 

A  constitutive  equation  obtained  by  Doi  and  Edwards  for  isotropic  solutions  of  rodlike 
chains  based  on  a  mechanistic  model  similar  to  that  leading  to  Eqn.  18  leads  to  a  par¬ 
ticularly  simple  result  for  GQ(t):  one  relaxation  time  (e.g.,  ^  1  =  tjq  and  r1  =  r  V  The  con¬ 
siderable  disparity  between  this  prediction  and  the  behavior  observed  here  may  reflect  the 
effects  of  molecular  weight  distribution.  Alternatively,  relaxation  modes  not  included  in  the 
theoretical  treatment  may  also  contribute  to  GQ(t).  Possibilities  for  the  latter  may  include 
the  motions  contributing  to  smaller  K  in  Eqn.  18  than  the  theoretical  expectation,  or  fluc¬ 
tuation  in  the  local  density  of  interchain  interactions  related  to  fluctuation  in  the  local  con¬ 
centration. 

The  mechanistic  treatment  of  Doi  and  Edwards  leads  to  single-integral  constitutive  equation 

of  the  type  employed  here,  with  the  exponential  GQ(t)  and  with  F(  |  y  | )  that  is  fitted  to 

within  10%  by  (1  +  y  /5)  For  the  calculations  of  interest  here,  Eqn.  20  provides  a 

satisfactory  fit  to  the  theoretical  estimate,  provided  y’  =  0.6  and  y"  =  2.13  (e.g.,  fi  = 

2.38).  Consequently,  Eqns.  21-23  provide  close  representation  of  the  expressions  that 

would  be  obtained  with  the  theoretical  single-integral  constitutive  equation  if  the  latter  is 

generalized  to  use  the  empirical  >?.,  r.  set  and  the  experimental  values  of  y’  and  y".  As 

shown  in  Figs.  1-5,  the  functions  t)  /tj  R  /R  and  M  /M  ~  N(1)/R  computed  with  a 

single  relaxation  time  and  f}~ 1  =  2.38  do  not  correspond  to  experiment.  The  theoretical 

constitutive  equation  discussed  above  employs  the  so-called  "independent  alignment 

approximation."  For  rodlike  molecules,  the  results  obtained  with  and  without  the  use  of  this 

approximation  are  numerically  quite  similar  for  the  functions  of  interest  here.  Behavior 

similar  to  that  embodied  in  Eqns.  21-23  are  attributed  to  molecular  weight  heterogeneity 

28 

in  a  mechanistic  calculation. 
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As  with  moderately  concentrated  solutions  of  flexible-chain  polymers,  the  observed  y‘  <v 
y"  exceed  0.6,  and  are  proportional  to  c-1,  whereas  the  observed  y"  ~  y+  is  not  too  far 
from  2.13,  and  does  not  depend  on  c.  With  flexible  chain  polymers  we  suggested  that  the 
discrepancy  between  y'  and  0.6  might  be  attributed  to  a  looseness  in  the  pseudo¬ 
entanglement  network  caused  by  the  finite  chain  length  of  the  polymers  studied  (e.g., 
clW/alV^  ~  10,  where  Mc  is  the  critical  chain  length  for  which  3ln»?0/3lncM  changes  from 
1  to  3.4).  A  similar  effect  may  be  operative  here  such  that  /  would  approach  0.6  only  if 
the  rodlike  chains  were  very  long.  In  the  latter  case,  however,  with  rodlike  chains,  an  or¬ 
dered  state  would  develop,  negating  the  comparisons  being  made  here.  Thus,  with  rodlike 
chains,  the  "universal"  behavior  may  be  unattainable. 

Whereas  molecular  weight  distribution  may  be  a  principal  source  of  the  distribution  of  r. 
noted  above  for  the  samples  studied  here,  contributions  to  the  distribution  could  also  arise 
from  the  postulated  looseness  of  the  network  constraints  to  which  values  of  y'  larger  than 
0.6  are  attributed.  Thus,  D  ,  from  which  the  relaxation  time  of  the  mechanistic  model 

R 

arises,  is  closely  linked  with  the  translational  motion  of  a  rodlike  chain  along  its  axis.  Fluc¬ 
tuations  in  the  distance  over  which  this  translation  must  occur  might  contribute  to  a  dis¬ 
tribution  of  r ,  and  such  fluctuations  could  be  enhanced  if  the  chains  are  short,  similar  to 
the  effect  postulated  for  y'. 

As  expected,  the  relaxations  ^  (t)  and  isT  }(t)  are  both  much  faster  with  the  theoretical  one- 
relaxation  time  model  than  is  observed  experimentally.  With  the  theoretical  model, 
N(1)(t/r  )/N(1>  is  independent  of  *,  whereas  experimentally  N(1>(t/yS  )/N(1)  is  essentially  inde- 
pendent  of  *,  with  3  ~  r  £  r  .  In  effect,  r  is  a  measure  of  the  relaxation  time  for 

K  K  C  K 

the  deformed  sample.  With  r  ^  given  by  Eqn.  32  and  use  of  the  approximation  1  -  q^  .  Z 
exp  -  2/5  /3kt.,  one  obtains 

t  It  Z  1  -  N(1>  (r  +  2<5/S*f1)/Rn  (36) 

JC  0  u  ^  u 

where  N  ^(t)  is  given  by  the  limit  of  Eqn.  28  for  small  k.  As  k  is  increased,  t  k 
decreases  owing  to  successive  suppression  of  contributions  from  the  largest  r .. 
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Table  1:  Polymer  Solutions  Used  in  This  Study 


Polymer 

[  ]/mLg” 1 

L  /nma 

V 

Range 

w/gkg 

Range 

T/K 

PBT  72 

1770 

135 

25.4-29.4 

297-331 

PBT  72R 

1 100 

100 

29.6 

296-331 

PBT  53 

1400 

1 18 

1.49-32.3 

283-333 

PBT  43 

900 

95 

29.4-31.5 

288-297 

(a)  L  =  M  /M,,  where  M,  =  220  dalton  nm"1  and  M  =  ([  >7  ]/K  )1/18 

n  v  L  L  n  n 

with  M,  18K  =  0.26  mLg-1.10 

L  V  M 
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Table  2:  Rheological  Parameters  for  Solutions  of  Rodlike  Polymers 


Polymer 

w/gkg" 1 

T/K 

i)  qA~  1  /kPasa 

R.cRT/M  b 

0  y 

72 

25.4 

328 

3.94 

83 

25.4 

312 

3.67 

86 

25.4 

297 

3.77 

85 

29.4 

331 

27.5 

55 

29.4 

312 

31.3 

61 

72R 

29.6 

331 

1.71 

(37) 

29.6 

312 

1.99 

(41) 

29.6 

296 

2.42 

44 

53 

25.5 

333 

1.89 

(60) 

25.5 

313 

1.83 

(60) 

25.5 

303 

1.73 

(62) 

25.5 

296 

2.10 

64 

25.5 

286 

1.89 

69 

28.0 

333 

6.81 

57 

28.0 

31 1 

6.30 

58 

28.0 

293 

5.81 

(58) 

29.4 

313 

7.15 

70 

29.4 

296 

7.64 

78 

29.4 

285 

6.80 

107 

317 

333 

13.2 

85 

31.7 

313 

20.7 

82 

32.3 

333 

4.83 

102 

32.3 

316 

5.24 

97 

32.3C 

294 

4.54 

99 

32.3C 

283 

5.59 

130 

43d 

29.4 

297 

0.098 

1 1.8 

29.4 

288 

0.093 

14.0 

31.5 

296 

0.1 1 

15.3 

31.5 

291 

0.12 

17.2 

31.5 

288 

0.12 

18.1 

(a)  A  =  expE(T- 1 

-  T-1)  with  E 
r 

=  4065K  and  T 

r 

=  297K. 

(b)  R0  in  parenthesis  calculated 

as  r  /»„  with  r 
c  '  0  c 

determined  from 

fit  of  njn  o 

versus  k  with 

curves  of  »  /»„ 

'  K  '0 

versus  r  *. 

C 

(c)  Nematic  solutions  for  T  £  303K. 


(d)  R  determined  as  lim  J'(aO. 
u  <0=0 
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Table  3:  Rheological  and  Rheo-optica!  Parameter  Solutions  of  Rodlike  Polymer  (PBT-53) 


w/gkg-1 

T/K 

’(j/Pa’s 

R0cRT/Ma 

-1  -1  b 

M0R0  VMPa  1 

* 

1.49 

297 

0.145 

14.6 

3.03 

•» 

2.10 

297 

0.340 

13.6 

2.72 

2.80 

297 

0.580 

15.0 

3.02 

3.50 

297 

0.780 

14.8 

— 

(a)  Rq  determined  as  lim  J'U). 

7  W- 0 
C 

(b)  M  R~ 1  was  calculated  as  An (12>/»  * 

oo  '  K 

for  small  k. 
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Table  4:  Retardation  and  Relaxation  Spectra 


X./r 

1  c 

R./Rn 

i  0 

r./r 

1  c 

*/»0 

PBT-53;  w  = 

29.4  gkg-1 

2.580 

0.580 

3.251 

0.231 

0.210 

0.280 

0.494 

0.480 

0.0175 

0.130 

0.0615 

0.197 

0.0010 

0.092 

PBT-53;  w  =  25.5  gkg 


5.248 

0.430 

5.732 

0.094 

1.022 

0.290 

1.354 

0.258 

0.240 

0.174 

0.381 

0.253 

0.080 

o 

0.035 

0.098 

0.025“ 

0.084 

0.312 

Table  5:  Critical  Concentrations  for  Solutions  of  Rodlike  Polymers 


Polymer 

T/K 

a 

wc/gkg 

w*B-1/gkg-1 

Bw  /w* 
c 

PBT-72 

296 

29.7 

27.5 

1.08 

313 

32.2 

28.9 

1.1 1 

333 

34.9 

30.4 

1.15 

PBT-72R 

296 

— 

36.5 

313 

— 

38.3 

333 

— 

40.3 

PBT-53 

296 

29.9 

31.5 

0.95 

313 

31.7 

32.9 

0.96 

333 

34.9 

34.9 

1.00 

PBT-43 

296 

32.2 

38.8 

0.83 

313 

34.9 

40.7 

0.86 

333 

37.9 

42.9 

0.88 

(a)  The  concentration  for  formation  of  the  ordered  phases  interpolated  using 
the  relation  wc  =  k  exp  -  433/T,  with  k  equal  to  128.4,  128.8  and  139.2 
for  PBT  72,  53,  and  43,  respectively. 

(b)  Obtained  by  a  fit  of  Eqn.  18  with  data  on  as  described  in  the  text 


( 
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Figure  V 

The  reduced  steady-state  viscosity  ?  /?0  versus  the  CMcffor 

of  PBT-53  in  methane  sulfonic  acid,  ^rorrj  top  to  bottom  S^moV  294  oka"'  (0  6,  O 

«  BO  c  fw  6  V  0  -o  Th.  »lid  curv.s  r.pr.swt  Eqn.  21  using  tt.  ,.  *$  r 

4. hTh. ,  dS^'Sv«^pr.»nt  ft.  *ft  «or  ft.  «Man  with  w  -  2B.S  *g  .0 
facilitate  comparison  of  the  data  at  various  w. 
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Figure  2: 

The  reduced  steady-state  recoverable  compliance  R  /R_  versus  the  reduced  shear  rate  r  * 
for  the  solutions  identified  in  the  caption  to  Fig.  f.  The  solid  curves  represent  Eqn.  52 
using  tiie  * .  anj*  r.  in  Table  4.  The  dashed  curves  represent  the  data  for  the  solution  with 
c  =  25.5  gkg  to  facilitate  comparison  of  the  data  at  various  w. 
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Figure  3: 

The  reduced  steady-state  viscosity  7  /*.  versus  the  reduced  shear  rate  r  *  for  solutions 
of  PBT  polymers  in  methane  sulfonic  acia  From  top  to  bottom:  PBT-72,  25.4  gkg  (9.  0- 
,  6  for  24,  39,  55  C.  resp.);  PBT-72.  29.4  gkg"1,  (Or  6  for  39,  58  C,  resp.);  PBT-72-R, 
29.6  gkg"1  (0,  0,  0  for  23,  39,  58  C);  PBT-43,  31.5  gkg"1  (-0,  p,  0-,  0  for  10^14.5, 
18,  23.5  C,  resp'.  The  dashed  curves  represent  the  data  for  PBT-53,  c  =  25.5  gkg 


-CO  (j>  0OO<j>  QOO  9  Qo0 


0.1 ' — 
0.01 


The  upper  three  panels  give 
the  reduced  shear  rate  r 
J(w)/R.  versus  the  reduced 
responding  panels  identified- 
for  PBT-53,  w  =  25.5  gkg” 
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Figure  4: 

the  reduced  steady-state  recoverable  compliance  R  /R  versus 
*;  die  lowest  panel  gives  the  reduced  dynamic  ^compliance 
frequency  r^u.  The  data  are  for  the  solution  in  the  cor¬ 
ip  the  caption  to  Fig.  3.  The  dashed  curves  represent  the  data 
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Figure  5: 

The  flow  birefringence  function  versus  the  reduced  shear  rate  r  «  for  solution  of  PBT  in 
methane  sulfonic  acid.  From  top  to  bottom:  PBT-53,  25.5  gkjf-1,  (•-  ,  4  for  23,40  C 
rasp.),  28.0  gkg"  (0,60  C),  29.4  gkg'1  (6,  O-for  23,40  c,  resp.),  31,7  gkg'1  («,  40  C); 
PBT-72,  25.4  gkg  (Q,  Ofor  39,  55  C,  resp.);  PBT-72R,  29.6  gkg'1  (-0,  0,  O-for  23, 
39  and  60  C,  resp.);  and  PBT-43  (31.5  gkg'1,  <?,  O-for  15,  23  C,  resp.).  The  solid  curve 
represents  Eqn  12  with  Eqa  28  using  the  and  r.  in  Table  4. 
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Figure  10; 

^n''iSV  '^r.50'^0^0!  -Tm  m^S  P°'v™r*  ov,r  *  r*n®e  of  concentration  and 
cHera  ,*  and  A  -  KN  (1-B)  are  empirical  parameters  obtained  by  com¬ 
parison  with  Eqn.  18  as  described*  in  the  text  The  symbols  designate  the V  rodlike 
polymer/solvent  system  as  given  in  the  caption  to  Figure  9  in  reference  1. 


2.  TRANSIENT  AND  STEADY-STATE  RHEOLOGICAL  STUDIES  ON 
NEMATIC  SOLUTIONS  OF  RODLIKE  POLYMERS 

SUMMARY 

Rheological  studies  are  reported  on  nematic  solutions  of  the  rodlike  macroion  poly(14- 
phenylene-2,6-benzobisthiazole),  PBT.  The  data  reported  include  the  steady-state  viscosity 
t)  and  recoverable  compliance  R  as  functions  of  the  shear  rate  k,  the  creep  compliance 
J^(t)  and  the  recoverable  compliance  R^(t)  determined  with  shear  stress  a,  and  the  viscosity 
growth  function  >?  (t)  determined  with  shear  rate  *.  The  nematic  solutions  did  not  exhibit 

K  • 

true  linear  viscoelastic  behavior  in  the  range  studied  (<r  ^  14  Pa  and  *  ^  10  4S  1).  Nei¬ 
ther  was  any  "yield  behavior"  observed  over  this  range.  The  steady-state  parameters  are 
discussed  in  terms  of  a  single-integral  constitutive  equation  of  the  BKZ-type  in  which  the 

relaxation  times  are  estimated  from  data  on  R  (t)  at  small  a. 

a 


INTRODUCTION 

In  Ref.  1  and  the  preceding  chapter  of  this  report,  the  rheological  and  rheo-optical 
properties  of  mesogenic  solutions  of  rodlike  macrions  are  reported  for  conditions  of  con¬ 
centration,  rod  length  and  temperature  for  which  the  solutions  are  optically  isotropic. 
Steady-state  and  transient  properties  are  reported  previously,  and  discussed  in  terms  of  a 
single-integral  constitutive  equation  and  molecular  theories.  Here,  some  steady-state  and 
transient  rheological  properties  will  be  presented  for  nematic  solutions  of  two  samples  of 
one  of  the  polymers  studied  previously,  namely,  poly(1,4-phenylene-2,6-benzobisthiazole), 
PBT.  The  data  to  be  reported  include  the  steady-state  viscosity  y  k  and  recoverable  com¬ 
pliance  R^  as  functions  of  the  shear  rate  *,  the  creep  compliance  J^(t)  and  recoverable 
compliance  R^(t)  determined  with  shear  stress  a,  and  the  viscosity  growth  function  y  ^(t) 
determined  with  shear  rate  k. 

The  transient  function  (i.e„  J^(t),  R^t)  and  are  defined  in  the  preceding.  There,  the 

limiting  values  RQ(t)  of  R^(t)  at  small  <r,  and  17  Q(t)  of  gjt)  at  small  *  were  expressed  in 

e 

terms  of  retardation  and  relaxation  times,  respectively,  as  by  equations  14  and 

n 

90<t)  =  *0  -  2  9.  exp  -  t It.  (37) 
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where,  of  course,  the  set  of  q.  and  r.  may  be  determined  from  the  set  of  R.  and  X. 
together  with  RQ  and  rc  =  RQ Q,  and  vice  versa  Previously,  it  was  found  that  a  single- 

o 

integral  relation  for  the  shear  stress  <r(t)  given  by 


-9  /I 

<r(t)  =  2  q.r.  T  Ay(t,u)F[  Ay(t,u)]exp(-u/r.)du 
'  '  •)  0 


(38) 


could  be  used  to  predict  q  and  R  .  Here  Ay(t,u)  =  y(t)-y(t-u)  and  F(y)  is  given  by  the 
expression 

F(y )  =  exp[-m(  |  y  | -y')/y"]  (39) 


where  m  is  zero  for  |  y  |  <  y '  and  unity  otherwise,  with  y'  and  y"  material  parameters.  Of 
course,  if  F(y)  is  unity  (i.e.,  |y|<y',  then  Eqn.  (38)  reduces  to  the  result  for  the  linear 
Boltzmann  constitutive  equation.  With  Eqns.  (38  -  39)  ,  by  Eqns.  21  and 


’o’ A  ~  Z’iri(1  _  exP-*A/ri) 

where 

qK  j  =  (1  +  «f2-  H  exp-g. 


(40) 

(41) 


with  f.  =  1  +  ag.  ,  g.  =  y'/r.K  and  a  =  y'/y".  These  relations  provided  satisfactory  fits  to 

data  on  q *  and  R^,  given  experimental  data  on  q.  and  r.  for  the  isotropic  solutions. 
2 

Based  on  studies  of  J^lt),  y'  was  found  to  be  inversely  proportional  to  c.  Mechanistic 
models  with  results  similar  to  Eqns.  38  -  39  are  discussed  in  the  Chapter  1.  These  differ 
from  experiment  principally  in  predicting  a  far  narrower  distribution  of  r.  (or  X.)  than  found 
in  our  studies. 


For  the  data  in  Chapter  1,  the  dependence  of  qQ  on  c  and  the  rodlength  L  was  given  by 

i  05  # 

equation  18.  Of  the  latter,  B  is  expected  to  be  nearly  unity,  a  Ml/L  is  expected  to  be 
nearly  equal  to  the  concentration  cc  required  to  form  a  nematic  phase,  and  the  original 

25 

calculation  gave  K  ~  1.  With  the  data  reported  in  Chapter  1,  theformer  two  predictions 
are  verified,  but  k£  1.5  x  10-4,  in  better  agreement  with  revised  estimates27. 
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EXPERIMENTAL 


The  materials  and  methods  used  are  described  fully  in  References  1  and  2.  The  polymers 
used  in  this  study  are  listed  in  Table  6.  Sample  PBT-53  was  studied  in  solution  in  methane 
sulfonic  acid  (MSA),  and  PBT-62  was  studied  in  solution  in  MSA  containing  3  weight  per¬ 
cent  chlorosulfonic  acid.  The  range  of  the  weight  fraction  w  and  temperature  T  spanned  in 
the  studies  is  given  in  Table  6,  and  shown  schematically  in  Figs.  12  and  13.  With  PBT-62, 
only  steady-state  data  were  obtained,  e.g.,  tj  and  R  .  With  PBT-53,  in  addition  to  the 
steady-state  data,  experiments  included  J^(t),  R^(t)  and  i?^(t). 

RESULTS 

The  systematic  effects  observed  on  tj  and  R^  are  illustrated  in  Figs.  14  and  15, 

respectively,for  several  concentrations  of  PBT-62  for  T  £  60  °C  and  for  a  solution  of 
PBT-53  for  T  ~  23°C.  The  limiting  values  yQ  and  RQ  obtained  for  y ^  and  R^,  respec¬ 
tively,  at  small  k  are  listed  in  Table  7. 

As  seen  in  Figs.  14  and  15,  in  some  cases  tj  *  did  not  go  to  a  limiting  value  at  small  x 

with  the  nematic  solutions — this  feature  is  discussed  further  in  the  next  section.  In  such 

cases,  R^  did  tend  to  a  constant  value  RQ  at  small  x,  and  usually  a  range  of  x  existed  for 
which  tj  *  was  essentially  a  constant,  designated  r)p.  Values  of  RQ  and  t]p  are  entered  in 
Table  7  for  the  nematic  fluids. 

The  data  on  i are  reduced  to  24  °C  using  8ln^/0T  1  given  in  Chapter  1.  For  the 

isotropic  solution,  8ln^/3T  is  about  equal  to  Sln^w^/ST  ,  as  expected  with  Eqn.  18, 
where  w  is  the  concentration  required  to  form  a  stable  nematic  phase.  For  the  nematic 

solution,  0lni?/3T  1  is  smaller,  and  more  nearly  equal  to  Sln^/dT  \  Consequently,  data  on 

i jp  are  reduced  to  24°C  using  3lmys/3T~  \ 

Additional  data  on  tj  and  R^  for  PBT-62  and  data  for  PBT-53  are  given  in  Figs.  16 
-  22,  in  plots  of  the  reduced  functions  vJVq  (or  ancl  R^/Rg  versus  ^gRg*  *or 

)/pR0x).  Except  for  data  on  nematic  solutions  with  ^pRQx<1,  these  plots  are  independent 
of  T  for  a  given  concentration. 

Data  on  J^(t)  versus  t  are  given  in  Fig.  23  for  a  nematic  solution  of  PBT-53  (w  =  0.0323 
at  19°C).  The  behavior  is  similar  to  that  reported  for  an  isotropic  solution  of  PBT-53  (w 


36 


* 


=  0.0255  at  30  °C)  discussed  in  Chapter  1.  As  with  the  latter,  J^ft)  is  found  to  equal  the 
limiting  behavior  JQ(t)  for  small  a  provided  the  strain  y(t)  =  <r J^_{t)  is  less  than  a  critical 
value  y*.  as  indicated  on  Fig.  12.  The  recoverable  compliance  function  R^(t)  obtained  fol¬ 
lowing  steady-state  deformation  is  also  shown  in  Fig.  23  for  one  shear  stress  (a  =  14.6 
Pa). 


Data  on  <r(t)  as  a  function  of  the  strain  *t  in  a  stress  growth  experiment  are  given  in  Figs. 
24  and  25.  In  these  experiments  k  is  constant  for  *t  greater  than  about  0.3,  but  owing 
to  instrumental  limitations,  y(t)<*t  for  smaller  *t  The  data  reveal  a  maximum  in  o-(t)  with 
increasing  t  such  that  3<r(t)/3(t)  is  zero  for  *t  equal  to  a  value  y  +  that  is  nearly  independ¬ 
ent  of  k,  and  smaller  than  y*  determined  from  J^tt).  Values  of  y*  and  y+  determined  for 
isotropic  and  nematic  solutions  over  a  range  of  c  are  given  in  Fig.  26. 


DISCUSSION 

The  decrease  of  "the  viscosity”  on  the  formation  of  the  nematic  phase  is  one  of  the  most 
characteristic  features  noted  for  mesogenic  polymer  solutions  .  The  value  of  usually 
referred  to  in  this  correlation  is  qp  defined  above.  Values  of  > ?p  determined  here  are 
given  in  Fig.  27,  along  with  values  of  g  for  isotropic  solutions  reported  in  Parts  1  and  2; 
as  mentioned  above,  the  latter  are  well  represented  by  Eqn.  18.  In  a  theoretical  treatment 
related  to  that  used  to  derive  Eqn.  18,  Doi  has  calculated  the  steady-state  viscosity  »/AN|S0 
for  a  "uniform”  fluid,  in  a  "weak  velocity  gradient"  The  fluid  is  characterized  by  an  or¬ 
der  parameter  S  related  to  the  ratio  c/c  : 

1  3  /  8  c  \„ 

S  =  —  +  —  \1 - —C)A  (42) 

4  4  9  c 

for  c/c  >  8/9  and  zero  for  smaller  c.  With  this  model,  for  c  >  c  , 

c  c 


’aniso 


’iso 


<c  )  D  (S) 

C 


(43) 


where  j?  (c  )  is  the  viscosity  of  an  isotropic  solution  at  concentration  c  ,  given  by  Eqn. 

ioU  C  C 

18  and  D(S)  decreases  with  increasing  S: 

1+S 
1+2S 


D(S)  =  (1  -  S  )( 


1+3S/2 

(1+S/2)2 


Z  (1  -  S)/(1  +  S/2)' 


(44) 
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With  Eqn.  43,  V  AN|So/j7|SO  ^Cc*  is  exPected  to  depend  on  c/cc  through  the  dependence  of 
S  on  c/cc-  The  data  in  Fig.  16  conform  qualitatively  to  Eqn.  43  in  that  r/p  decreases  from 
t)  (c  )  with  increasing  c/c  ,  but  »  appears  to  level  and  then  increase  with  larger  c/c  , 
whereas  D(S)  decreases  monotonically  with  increasing  c/c  . 

The  continuous  increase  of  y  with  decreasing  *  in  experiments  observed  with  most  of 
the  nematic  solutions  is  similar  to  behavior  reported  previously  in  our  laboratory  for 
nematic  solutions  of  poly(1,4-phenylene-2,6~benzobisoxazole)  and  poly(1,4-phenylene 
terephthalate),  as  well  as  by  a  number  of  others  (see  the  discussion  in  Ref.  32).  The  be- 
havior  is  not  always  observed  over  the  range  of  k  studied  ,  and  indeed,  is  not  observed 
here  with  the  nematic  solution  of  PBT-53  with  w  =  42.7  g  kg  .  The  transient  behavior 

discussed  in  the  following  for  J^(t)  at  small  a  and  ^(t)  at  small  k  displays  unusual  be¬ 

havior  in  the  range  for  which  tj  increases  with  increasing  *. 

As  shown  in  Figs.  24  and  25,  in  a  stress-growth  experiment  for  the  nematic  solutions 
studied,  for  small  k  the  stress  <r(t)  increases  monotonically  with  increasing  strain  In  the 
creep  behavior  obtained  with  a  nematic  solution  (Fig.  23),  the  strain  y(t)  =  <rJ^.(t)  increases 

monotonically  with  increasing  t,  so  that  at  large  t,  y(t)  Z  (rXIn  K  and  3y(t)/3t  is  a  constant 

In  neither  case  is  there  any  indication  of  solid-like  behavior  at  small  strain  —  i.e.,  no  yield 
phenomenon  is  observed.  For  values  of  cr  such  that  3y(t)/3t  at  steady-state  is  in  the 
range  of  *  for  which  stress-growth  experiments  give  ^  Z  t j  the  creep  and  stress- 
growth  experiments  give  the  same  steady-state  viscosity  ^  ,  as  would  normally  be  ex¬ 
pected.  However,  different  behavior  is  obtained,  for  very  small  *,  for  which  stress- 
growth  experiments  give  a  larger  steady-state  viscosity,  i.e.,  v^Vp-  F°r  example,  with 
PBT-53  at  w  =  34.3  g  kg  \  1 K  ~  2.4  r/p  for  *  =  3.8  x  10  4s  1  (i.e.,  =  0.053). 

For  this  sample,  a  creep  experiment  effected  at  a  such  that  3y(t)/3t  =  3.8  x  10-4s-1  at 
steady-state  resulted  in  a  smaller  steady-state  viscosity,  t]  ^  =  1.2>?p.  Values  of  RQ  deter¬ 
mined  after  steady-state  flow  in  these  experiments  were  equivalent.  In  a  creep  experi¬ 
ment,  d  y  (t)/3t  is  larger  at  small  t  than  at  steady-state  (i.e.,  large  t).  Thus,  in  the  example 
cited  the  reduced  q  obtained  in  creep  is  in  the  range  expected  for  a  stress-growth  ex¬ 
periment  with  k  equal  to  3y(t)/3t  obtained  at  small  t  in  the  creep  experiment.  The  quies¬ 
cent,  relaxed  nematic  fluids  studied  here  are  characterized  by  a  texture  such  that  locally, 
the  axes  of  the  rodlike  chains  are  parallel,  but  with  no  correlation  among  these  axes  over 
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the  entire  sample.  The  behavior  of  tj  at  small  k  or  a  may  be  caused  by  effects  on  this 
texture.  In  particular,  domains  with  the  molecular  axes  of  the  rodlike  chains  oriented  per¬ 
pendicular  to  the  flow  plane  may  be  depopulated  with  increasing  k  (or  8y(t)/3t),  resulting  in 
reduced  9^.  A  similar  suggestion  has  been  made  on  the  basis  of  flow  birefringence 
data11.  If  this  view  is  correct,  then  comparison  of  i)p  with  ?AN|S0  may  be  inappropriate, 
since  the  latter  is  computed  for  a  uniform  fluid  whereas  ijp  could  be  for  fluid  with  the 
molecular  axes  oriented  preferentially  in  the  flow  plane,  so  that  one  could  have  r/p  < 
’aniso'  as  the  Miesowicz  viscosities  are  unequal.12,13  The  failure  to  observe  an  increase  in 
tj  ^  with  decreasing  k  for  some  nematic  fluids  (e.g.,  PBT-53  with  w  =  42.7  g  kg  ')  may 
indicate  suppressed  domain  structure  (perhaps  owing  to  incomplete  relaxation  of  prior 
deformation)  or  insufficiently  small  *  to  observe  the  effect. 

With  increasing  *,  the  <r(t)  obtained  in  stress-growth  experiments  display  a  maximum  for 
strain  *t  about  equal  to  a  constant  y  +  (independent  of  *)  for  a  given  c — y  +  appears  to 
decrease  slowly  with  increasing  c.  This  behavior  is  not  unusual,  and  is  observed  with 
isotropic  solutions  of  the  polymers  studied  here,  with  y  +  being  slightly  larger  for  the  latter. 
Similarly,  with  increasing  a,  the  y(t)  obtained  in  creep  experiments  are  given  by  JQ(t) 
provided  y(t)  is  smaller  than  a  constant  y*  (independent  of  0)  for  a  given  c,  with  y(t»crJ0<t) 
for  larger  y(t).  This  is  similar  to  behavior  obtained  with  isotropic  solutions  of  the  rodlike 
chains,  with  y*  being  somewhat  smaller  for  the  nematic  solution  than  for  the  isotropic 
fluids.  The  combined  behavior  for  stress-growth  and  creep  suggests  that  as  with  Eqn.  38, 
the  rheological  constitutive  equation  for  nematic  fluids  may  involve  a  critical  strain  criterion. 
The  behavior  at  small  *  (or  0)  suggests  that  Eqn.  38  may  not  itself  suffice. 

With  the  nematic  fluids  studied  here,  no  proper  linear  viscoelastic  behavior  was  observed, 

so  that  the  r.  (or  X.)  distribution  could  not  be  rigorously  determined.  Nevertheless,  since 

for  the  nematic  solutions,  »?  and  are  (nearly)  independent  of  *  over  a  reasonable  range 

of  k  for  R0i?p*,  in  the  range  0.1  to  1,  it  is  reasonable  to  compute  (apparent)  values  of  R. 

and  X.  from  data  in  R^tt)  for  corresponding  levels  of  0.  Values  of  R.  and  X.  determined 

for  the  data  on  R^(t)  in  Fig.  23  are  given  in  Table  8  —  the  data  are  normalized  by  the 

values  of  R  and  »  obtained  with  the  0  used  to  determine  R  (t)  (i.e.,  0  =  14.6  Pa).  Of 
k  '  k  a 

course,  the  data  in  Table  8  reproduce  R^(t)  in  Fig.  23.  Their  use  to  estimate  j and  R^ 
will  be  discussed  below.  The  set  of  X.  for  the  nematic  solution  is  similar  in  breadth  to 
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those  obtained  with  an  isotropic  solution  of  PBT-53  (w  =  29.4g  kg-1},  given  in  Table  8 
for  comparison,  so  that  as  shown  in  Fig.  28,  R0(t)/RQ  for  the  latter  is  similar  to  R^Jtl/R^ 
for  the  nematic  solution.  By  comparison,  RQ(t)/R0  and  the  X.  set  for  a  solution  of  PBT-53 
(w  =  25.5  g  kg  ^  are  noticeably  different. 

As  shown  in  Part  2,  for  isotropic  solutions,  y  and  R^/Rq  may  be  represented  in  terms 
of  Eqns.  21  and  40  given  the  parameters  >?.  and  r  (or  R.  and  X.).  With  these  fluids  (as 
with  flexible  chain  polymers  )  over  a  wide  range  r c*  (with  r ^  =  yQ^Q),  the  approximations 

(45) 

R*  -  <46> 

provide  direct  correspondence  between  linear  and  nonlinear  properties.  In  particular,  with  a 
narrow  distribution  of  r ,  R^  is  essentially  independent  of  r c*.  over  a  wide  range  of  r  t t. 
With  the  isotropic  solutions  studied  here,  the  distribution  of  r.  is  reasonably  broad,  so  that 
R^  decreases  markedly  with  increasing  r  c«,  as  discussed  in  the  preceding,  in  good  agree¬ 
ment  with  Eqn.  46.  Similar  behavior  is  shown  in  Fig.  18  for  a  nematic  solution,  where 
R^(t)  for  a  low  <r  corresponding  to  the  range  for  which  y  yp  and  R^  =  RQ-  As  men¬ 
tioned  above,  for  the  isotropic  solutions  the  functions  y  It)  and  R  /R  versus  r  *  are 
independent  of  T  for  a  given  material.  In  the  interests  of  completeness,  reduced  curves 
for  isotropic  solutions  of  PBT-53  and  62  given  in  Parts  1  and  2  are  included  in  Figs.  16 
and  17.  For  PBT-53,  y  Jy  and  R^/RQ  are  fitted  well  by  Eqns  21  and  40,  respectively, 
using  tj.  and  r.  determined  by  linear  viscoelastic  studies.  As  may  be  seen  in  Fig.  17,  the 
decrease  of  R^/RQ  with  increasing  r c*  is  more  pronounced  with  the  isotropic  solutions  of 
PBT-62  than  those  of  PBT-53,  indicating  a  broader  r.  (or  X.)  distribution  with  the  PBT-62 
solutions. 

The  set  of  r.  and  >?.  given  in  Table  8  for  the  nematic  solution  with  w  =  32.3  g  kg-1  were 
computed  from  the  X.  and  R.  given  in  Table  3.  The  r.  and  t).  were  calculated  using  the 
expressions  for  linear  viscoelasticity,  despite  the  nonlinearity  discussed  in  the  preceding. 
The  functions  y  p  and  R^/Rq  versus  R0>?p*  computed  using  these  r.  and  tj.  in  Eqns.  21 
and  40  are  shown  in  Fig.  18  —  these  curves  were  computed  with  y'  =  1.0  and  y"  =  2.4, 

in  accord  with  the  experimental  data.  The  computed  yJyQ  are  in  good  accord  with  the 
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experimental  vjvp>  the  computed  R^/RQ  tend  to  lie  20-40%  above  the  measured  values 
for  large  Rq<?p*-  Apparently,  the  quasi-linear  treatment  of  the  data  used  to  estimate  r. 
and  ij  j,  etc.,  is  useful  in  the  range  studied  here,  provided  Rq7p*  is  at  least  as  large  as  the 
value  needed  to  obtain  the  "plateau"  in  ^  (e.g.,  R0>?p*  >  0.1  for  PBT-53  with  w  =  32.3  g 
kg'1). 

Note  that  the  treatment  given  above  would  not  lead  to  negative  first  normal  stress  v^1,1  as 
has  been  reported  for  an  ordered  solution  of  poly  (y-benzylglutamate),  (PBG).  Thus,  with 
the  single-integral  equation  used  to  obtain  Eqns.  21  and  40,  the  reduced  parameter  N(J>  = 
v(J>/2 is  given  by  equation  23.  With  Eqn.  23,  N^'is  always  positive.  Data  were 
obtained  in  our  laboratory  on  a  solution  of  PBLG  in  cresol  for  which  negative  values  of 

op 

were  obtained  — the  solution  was  provided  by  R.  S.  Porter.  The  results  for  t)  ,  given  in 
Fig.  29  were  in  good  agreement  with  data  reported  by  Porter  and  Kiss  over  the  range  of 
k  for  which  the  data  overlapped.  Data  obtained  here  at  lower  *  did  not  become  inde¬ 
pendent  of  k.  Values  of  were  found  to  decrease  smoothly  with  increasing  *,  through 
the  range  of  k  for  which  N(J}is  reported  to  be  negative.  On  the  basis  of  the  behavior 
observed  for  »?  and  R^,  one  can  speculate  that  the  r.  (or  X.)  distribution  would  be  very 
broad  for  the  PBG  solution.  With  Eqns.  21  and  23,  N(J'  may  become  very  small  with 
njn  not  too  much  less  than  unity  with  some  r -distribution,  but  N^will  always  be  posi¬ 
tive. 

With  a  PBT-62  solution  studied  for  which  c  was  slightly  less  than  cc  so  that  the  quiescent 
fluids  were  (macroscopically)  isotropic,  the  data  on  y  ^  versus  k  did  not  display  any  range 
of  k  for  which  i was  independent  of  k.  Rather,  as  shown  in  Figs.  15  and  21,  tj  ^ 
decreased  slowly  with  increasing  *  at  small  *.  For  these  solutions,  the  decrease  in  R^ 
with  increasing  *  was  much  smaller  than  observed  with  isotropic  solutions  (see  Fig.  10). 
This  behavior,  which  is  found  only  over  a  narrow  range  of  conditions  with  c  close  to,  but 
less  than  cc<  may  be  caused  by  a  tendency  for  the  isotropic  solutions  to  develop  orien¬ 
tational  order  characteristic  of  the  nematic  state  under  the  influence  of  a  shear  stress,  so 
that  rj  decreases  slowly  with  increasing  k. 

As  shown  in  Fig.  22,  the  data  on  vKh0  versus  t^k  for  solution  with  c  near  c£  for  the 
temperature  of  the  measurement  do  not  superpose  with  each  other  and  differ  from  data 
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on  the  isotropic  solutions  at  lower  c.  For  example,  with  PBT-62,  the  data  on  iJVq  versus 
t  k  for  the  solution  with  w/g  kg-1  equal  to  30.0  and  34.3  do  not  superpose  over  the 
temperature  range  studied.  In  terms  of  Eqn.  21  or  40,  it  appears  that  the  distribution  of 
r.  sharpens  with  decreasing  T  for  this  solution.  The  behavior  of  R^/RQ(  which  becomes 
nearly  independent  of  r  c*  at  low  T,  is  also  consistent  with  an  effectively  narrowed  dis¬ 
tribution  of  r . 


A 
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Table  6: 

Polymers  Used  in  This  Study 

Polymer 

[i?]/mLg  1 

L  /nma 

V 

Range 
w/gkg“ 1 

Range 

T/K 

PBT-62 

2,650 

170 

15.0-82 

272-353 

PBT-53 

1,400 

120 

25.5-42.7 

283-333 

a.  L  =  M  /M,, 
V  V  L 

where  ML  =  220 

dalton  nm  1  and  M 

V 

=  ([?]/K  >1,8 

with  M,V8K 

L  •) 

=  0.26  mLg  \ 
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Table  7:  Rheological  Parameters  for  Solutions  of  Rodlike  Polymers 


Polymer 

w/g  kg  1 

T/K 

^A'VkPas* 

R_cRT/M  b 

0  1) 

53 

25.5(1  )C 

333 

1.89 

(60) 

25.5(1} 

313 

1.83 

(60) 

25.5(1) 

303 

1.73 

(62) 

25.5(1) 

296 

2.10 

64 

25.5  ( I ) 

286 

1.89 

69 

29.4(1) 

313 

7.15 

70 

29.4(1) 

296 

7.64 

78 

29.4(1) 

285 

6.80 

107 

32.3(1) 

333 

4.83 

102 

32.3(N) 

316 

4.05 

97 

32.3(N) 

294 

4.34 

112 

32.3(N) 

283 

6.90 

130 

42.7(N) 

316 

12.3 

190 

42.7(N) 

296 

11.0 

180 

42.7<l\l) 

284 

9.6 

172 

62 

15.0(1) 

333 

0.28 

18 

15.0(1) 

318 

0.31 

17 

15.0(1) 

293 

-0.27 

21 

25.2(1) 

333 

22.8 

42 

25.2(1} 

297 

41.0 

31 

25.2(1) 

277 

52.0 

18 

30.0(1) 

353 

45.6 

63 

30.0(1) 

333 

41.7 

53 

30.0(1) 

313 

60.4 

44 

30.0(1) 

293 

74.7 

35 

30.0(1) 

283 

86.4 

30 

30.0(1) 

272 

71.1 

23 

34.3(1) 

333 

13.2 

31 

34.3(1) 

313 

13.1 

21 

34.3IN) 

293 

3.1 

33 

34.3IN) 

283 

3.0 

25 

47.3(N) 

333 

0.61 

940 

47.3(N) 

313 

0.53 

970 

61.1(N) 

333 

0.94 

2030 

82.0(N) 

333 

0.83 

3630 

82.0(N) 

297 

0.47 

3640 
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Table  8:  Retardation  and  Relaxation  Spectra 


t 


n 


X./r 

1  c 

Ri/R0 

r  Jr 

1  c 

*/*0 

PBT-53;  w 

=  32.3  g  kg-1  (NEMATIC)8 

8.30 

0.262 

8.59 

0.037 

2.65 

0.104 

2.79 

0.065 

1.04 

0.312 

1.40 

0.266 

0.193 

0.170 

0.353 

0.323 

0.086 

0.149 

0.042 

0.1 1 1 

0.0075 

0.160 

PBT-53;  w  =  29.4  g  kg  1 

(ISOTROPIC)6 

2.580 

0.580 

3.251 

0.231 

0.210 

0.280 

0.494 

0.480 

0.0175 

0.130 

0.0615 

0.092 

0.0010 

0.092 

PBT-53;  w  = 

25.5  g  kg"1  (ISOTROPIC) 

5.248 

0.430 

5.732 

0.094 

1.022 

0.290 

1.354 

0.258 

0.240 

0.174 

0.381 

0.253 

0.080 

0.035 

0.098 

0.025  B 

0.084 

5 

0.312 

(a)  Rq,  Tj  0  and  r  replaced  by  values  obtained  from  creep  with  shear  stress 

a  =  14.6  Pa,  see  text;  r  =  *?nRn. 

c  u  u 

(b)  See  Part  2. 
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Figure  12: 

Schematic  diagram  showing  the  concentration  (weij^rt  fraction  w)  and  temperatures  used  in 
rheological  studies  on  solutions  of  PBT-53.  Regions  of  isotropic  and  nematic  solutions  are 
indicated  on  the  diagram. 


110 


100 


h-  50 


0  W2 


Figure  13: 

Schematic  diagram  showing  the  concentrations  (weight  function  w)  and  temperatures  used  in 
rheological  studies  on  solutions  of  PBT-62.  Conditions  of  w  and  T  for  which  solutions 
were  observed  to  be  isotropic  or  nematic  are  indicated  by  □  or  ED,  respectively.  Data 
for  conditions  to  the  left  and  right  sides  of  the  dashed  line  are  given  in  Figs.  16  and  20, 
respectively. 
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Figure  18: 


’x/,XL(or  *nd  r./Rq  v«rsu«  R-f.*  {or  R.*p*)  for  isotropic  (or  nematic)  solutions 

of  PBT-53  (w  =  32.3  g/kg  with  symools  as  in  Fig,  12).  The  solid  curves  for  9  /»  and 
VR0  represent  Eqns  21  and  40.  respectively  with  the  r.  and  *.  given  in  Table*  8.  The 
clashed  curve  shows  R„(t)/R„  versus  r  It  11 
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Figure  21: 

lip  *VRq  versus  R_»  «  for  solutions  of  PBT-62  (symbols 
■ves  represent  The  behavior  shown  in  Fig.  17. 
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The  critical  strains  y*  and  y*  plotted  (as 
tions  of  PBT-53. 
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3.  RHEOLOGICAL  AND  RHEO -OPTICAL  STUDIES  OF  A  CONSTITUTIVE 
EQUATION  FOR  NEMATOGENIC  SOLUTIONS  OF  RODLIKE  POLYMERS 

SUMMARY 

Rheological  and  rheo-optical  studies  on  solutions  of  the  rodlike  poly(1,4-phenylene-2,6- 
benzobisthiazole),  are  described  for  both  isotropic  and  nematic-solutions.  The  data  include 
both  steady-state  and  transient  behavior.  For  isotropic  solutions,  it  is  found  that  a  single¬ 
integral  constitutive  equation  (a  form  of  the  BK2  equation)  represents  the  data  available. 
For  nematic  solutions,  unexplained  behavior  is  observed  for  small  k,  perhaps  related  to  un¬ 
stable  flow  in  simple  shear  predicted  for  such  solutions  by  some  mechanistic  theories  for 
the  parameters  in  the  Leslie-Erickson  constitutive  equation.  For  larger  *,  the  flow  behavior 
may  be  represented  by  a  modified  form  of  the  single-integral  equation. 

INTRODUCTION 

The  following  describes  rheological  and  rheo-optical  studies1  on  nematogenic  solutions  of 
the  rodlike  poly(1,4-phenylene-2,6-benzobisthiazole),  PBT,  carried  out  over  a  range  of 
concentration  c  and  chain  length  L  encompassing  the  isotropic  and  nematic  phases.  The 
studies  include  measurements  of  the  creep  compliance  J^Jt)  determined  from  the  strain  y (t) 
obtained  with  a  constant  shear  stress  a  (eg.,  Eqn.  1),  the  recoverable  R^(S,0)  determined 
after  creep  of  duration  S,  with  d  the  elapsed  time  for  creep  recovery, 
y<  S)-y(d) 

R  JS.d)  =  -  (47) 

a  a 

the  stress-growth  function  t)  ^(t)  determined  from  the  stress  <r(t)  obtained  with  a  constant 
shear  rate  *  (e.g.,  Eqn.  2),  the  viscosity  relaxation  function  determined  from  the  stress  aQ 
following  cessation  of  steady  state  flow  at  constant  * 

?J0)  =  <r(0)/<r  (48) 

/ 1 3) 

and  the  corresponding  birefringence  An  expressed  below  as  the  function,  given  by 
equation  5,  and 

MJt)  =  An(13>(t)/(xi?^)2  (49) 
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where  r\  is  the  steady-state  viscosity  obtained  as  the  asymptotic  value  of  i?  (t)  for  large 

K  K 

( 1  3) 

t  and  An  is  measured  in  the  1-3  flow  plane,  with  flow  in  the  2-direction  for  a  shear- 
gradient  in  the  1 -direction.  In  using  these  relations,  it  is  convenient  to  define 


lim  R  IS, 0)  =  R  (0) 
0  0 

S=00 

lim  R  (0)  =  R<s> 
0=oo  *  * 


(50) 

(51) 


Since  the  materials  studied  here  are  fluids. 


lim  J  (t)  =  J<S)  +  t h, 


(52) 


t=oo 


In  general,  J<s)  s*  R(S>  and  tj  >  tj  ,  but  for  a  linear  viscoelastic  fluid,  J(S>  =  R<s>  =  R<3>  and 

fc  ic  u  fc  /c  U 

V  =  =  ’o'  and 


J0(t)  =  R0(t)  +  t/,0 


,(u)du  =  t 


f.  Jo(,'ul  Qo' 

’o'"  =  *0  '  50W  =  Go 


(u)du 


I 


0 

00 


(S)  n  uGn(u)du 

R„  =  lim  R  (t)  =  — — 2 - 

t=°°  [pG„(u)du]2 


(53) 

(54) 

(55) 

(56) 


With  nonlinear  behavior,  these  relations  are  not  obeyed.  In  the  following,  the  data  will  be 
compared  with  predictions  made  with  a  BKZ-type  single-integral  constitutive  equation5 
given  by6 

,  ,  C 00  3GJu) 

t)  =  \  [Ay(t,u)]m  F[Ay(t,u)]  — -2-  du  (57) 

o  ou 


with  tr(1i(t)  and  <r<2)(t)  equal  to  the  shear  stress  <r(t)  and  first-normal  stress  difference 
V(1><t),  respectively.  Here  Ay(t,u)  =  y (t>—  y (t— u),  F  is  a  decreasing  function  of  Ay(t,u)  for 
nonlinear  behavior — for  F=1,  linear  behavior  is  recovered  with  Eqn.  (57). 

With  nematic  solutions,  the  rheological  properties  are  inherently  anisotropic.  According  to 
the  constitutive  equation  of  Leslie39  and  Erickson40,  the  steady-state  shear  viscosity  jjq 
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(determined  for  flow  in  a  wide  gap  in  a  region  for  which  the  stress  tensor  is  a  linear 
function  of  the  velocity  gradient  tensor)  may  be  expressed  in  the  form 


y0  =  vb  +  Wl-X  ')Uv~nb)  +  (1+X  ’»]  (58a) 

2tJb  =  a3  +  a4  +  aQ  (58b) 

2(’c  "  \]  =  *5  "  *2  "  *3  ~  *6  (58C) 

X  1  =  (a2  -  cg)/(fl2  +  (58d) 


where  X  and  the  a.  are  related  to  the  order  parameter  S  for  the  quiescent  nematic  fluid, 
see  below.  Stable  simple  shear  obtains  only  if  X  >  1,  with  the  rodlike  chains  at  angle 
(arccos  X  ~ 1  )/2  with  the  flow  direction. 

EXPERIMENTAL 

The  experimental  methods  used  and  molecular  characteristics  of  the  polymers  studied  are 
reported  in  the  preceding.1  Briefly,  solutions  were  prepared  in  methane  sulfonic  acid  (MSA). 
Polymers  53,62  and  72  have  contour  lengths  Lw  of  120,170  and  135  nm,  respectively. 
Rheological  data  were  obtained  with  a  cone  and  plate  rheometer  constructed  to  permit 
measurement  of  y(t)  with  a  specified  stress  history,  or  or(t)  with  a  specified  strain  history. 
The  flow  birefringence  data  were  obtained  with  the  fluid  between  glass  (pyrex)  parallel 
plates,  using  measurement  of  the  intensities  l+(^)  and  l^t^)  transmitted  between  crossed 
and  parallel  polars,  respectively,  where  <f>  is  the  angle  between  the  flow  direction  and  the 
polarization  direction  of  the  incident  beam.  This  arrangement  permits  measurement  of 
An(13)  for  the  birefringence  in  the  1-3  flow  plane.1 

DISCUSSION 
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Isotropic  Solutions 

Results  for  J^(t)  and  R^(t)  for  isotropic  solutions  reveal  linear  behavior  JQ(t)  for  small 
enough  a,  but  also  show  that  J  (t)  =  JJt)  for  t  <  t*,  and  J  (t)  >  JJt)  for  t  >  t*,  where  t* 
decreases  with  increasing  a.  The  strain  y(t*)  =  o-J^ft*)  is  found2  to  be  nearly  independent 
of  <r,  and  universely  proportional  to  c.  This  behavior  is  consistent  with  Eqn.  (57),  with  F(y) 

^  c 

=  1  for  y  (t)  <  y  .  Similar  behavior  has  been  reported  with  flexible  chain  polymers,  and 
analyzed  with  Eqn.  (57)  with 


1  y  |-y' 

F(y)  =  exp  m - 

(59) 

7 

Gg(t)  =  Z  G.  exp-t/r. 

(60) 

where  m  is  zero  if  |  y  \  <  y'  and  unity  otherwise.  For  example,  with  these  expressions, 
the  steady-state  parameters  calculated  with  Eqn.  (57)  are  given  by3  equations  21  -  23. 
The  needed  parameters  G.  and  r.  have  been  computed  from  the  corresponding  parameter 
R.  and  X.,  defined  by  use  of  equations  14  and  relations  based  on  Eqn.  (54) 3  Typical  results 
for  RQ(t)  are  given  in  Figure  30.  As  shown  in  Figure  31  both  vJVq  and  R^/Rg  are  fitted 
well  by  Eqns.  3.3  and  3.4  for  the  isotropic  solutions.  The  r.  distribution  is  found  to  be 
broader  than  that  calculated  by  Doi  and  Edwards,  for  which  there  is  essentially  one 
relaxation  time. 

The  limiting  viscosity  j?q  is  shown  in  Figure  (3a)  in  a  form  for  comparison  with  the 

oc  oo 

theoretical  relation  '  given  by  equation  18.  The  data  are  fitted  by  Eqn.  (18)  with  c*  = 
ccL/Ml  and  B  slightly  smaller  than  unity,  where  cc  is  the  concentration  for  the  appearance 
of  nematic  phase.  These  are  in  the  range  expected  theoretically.  The  empirical  value  K  = 
1.5  x  10  is  smaller  than  the  original  prediction,  '  but  in  accord  with  subsequent 
treatments.27  With  a *  =  ccL/Ml,  the  dependence  of  70^sCc  is  exPectec*  to  b®  independent 
of  temperature.  This  behavior  is  observed  for  the  system  studied. 

In  the  range  of  cL  with  i jQ  increasing  markedly  with  increasing  c,  R  ^  is  found  to  be  nearly 

independent  of  c,  or  to  increase  with  increasing  c.  Similar  behavior  has  been  predicted 

28 

theoretically  by  Marrucci. 

With  the  stress-optic  law  in  the  form8  equation  12  for  either  M^(t)  or  faj0),  Eqn.  (57) 
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can  be  used  with  flow  birefringence  data.  Since  n'J1  is  expected  to  be  R®  for  small  x,  it 

(S) 

is  seen  that  2C  =  M  /R  .  Results  in  Figure  33  for  M  are  seen  to  be  in  satisfactory 

u  u  ^ 

(S) 

agreement  with  Eqn.  (23).  The  results  for  MQ/R0  are  about  thirty  percent  larger  than 

values  obtained  at  lower  concentration.  The  data  on  M  show  that  the  rodlike  molecules 

x 

(S) 

are  well  aligned  in  the  flow  direction,  but  that  for  R^  >  1,  the  orientation  is  not  as 
great  as  would  be  expected  had  linear  viscoelastic  behavior  obtained.  The  relaxation  func¬ 
tion  ^  (0)/$  and  shown  in  Figure  34  are  in  qualitative  accord  with  Eqn.  (57), 

for  which  the  behavior  is  similar  to  that  obtained  with  flexible  chain  polymers  in  that  the 

4 1 

birefringence  relaxes  more  rapidly  than  the  stress. 

Nematic  Solutions 

Typical  results  shown  in  Figure  31  reveal  an  effect  at  small  x  different  from  that  observed 

with  isotropic  solutions  (at  only  slightly  smaller  c),  and  not  included  in  Eqn.  (57).  Thus,  >j 

(S) 

decreases  with  increasing  x,  reaching  a  plateau  y  k  =  i)p  for  vp^K  *  =  1-  At  the  same 
time  R"  is  independent  of  x  for  ^  R*  <  1.  It  is  tempting  to  attribute  the  behavior  at 
small  k  to  effects  of  the  anisotropy  leading  to  Eqns.  (58).  In  the  latter,  ?p  and  j?c 
represent  the  ratio  at k  for  steady  state  shear  flow  with  the  rodlike  molecules  held  parallel 
to  the  flow  direction  and  the  direction  of  the  shear  gradient,  respectively.  Since  r/c  > 

Og 

effects  which  decrease  X  toward  unity  cause  a  decrease  in  In  theoretical  treatments  ' 

26 

37  based  on  the  diffusion  equation  of  Doi  and  Edwards  ,  X  and  the  Leslie-coefficient  a. 
are  all  functions  of  the  order  parameter  S  for  the  quiescent  material. 

S  =  Vz  (3  <cos20>-1)  (62) 


where  9  is  the  angle  between  the  rodlike  molecules  with  the  average  calculated  using  the 
equilibrium  distribution  of  9,  and  S  depends  on  c/c  ,  increasing  toward  unit  with  increasing 
c/cc-  If  steady-state  flow  at  finite  *  can  be  represented  by  Eqn.  (58)  with  a  modified  or¬ 
der  parameter  S  replacing  the  order  parameter  for  the  quiescent  fluid,  then  tj  might  be 
expected  to  decrease  as  x  increases.  With  the  a.  and  X  given  in  Ref.  36  (see  Table  9), 


v 


0 


’b 


(1+2SM2+3S) 

(2+S) 

.so  <1-S>4 
(1+S/2) 


(63a) 

(63b) 
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ISO 

where  qQ  is  given  by  Eqn.  (18)  with  B=0,  so  that  tj  Q  decreases  as  S  increases  toward 

unity.  With  the  a  and  X  given  in  Ref.  37  (see  Table  9),  X  <  1  and  simple  shear  flow  is 

predicted  to  be  unstable.  Since  the  calculation  for  the  a.  is  delicate,  the  significance  of 

this  result  is  unclear  for  the  observed  behavior,  which  results  in  stable  steady-state  shear 

stress  at  all  *  studied.  With  the  a.  given  in  Ref.  37, 

iso  n_S)4  -i 

?.  =  i  -  {4(4S+7)  +  35{5S-2)  ’}  (64) 

b  105 

which  is  smaller  (about  20%)  than  given  by  Eqn.  63b  for  given  S.  (Similarly,  the  elon- 
gational  viscosity  obtained  with  the  a.  in  Ref.  36  is  about  twice  that  for  the  a.  in  Ref.  37 
for  comparable  S). 

Flow  birefringence  data  indicate  a  substantial  degree  of  orientation  for  shear  flows  with  ^ 

Rfl  k  >  1.  For  example,  at  such  *,  the  strong  turbidity  characteristic  of  the  quiescent 

nematic  fluid  is  lost,  and  the  fluid  in  flow  is  much  like  that  for  a  well  oriented  isotropic 

solution,  with  similar  characteristics  for  the  transmission  of  polarized  light.  For  smaller  * 
(S) 

(e.g.,  >?pR0  k  <  0.1),  the  transmitted  intensity  is  smaller  than  expected,  and  tends  to  flue- 

(S) 

tuate.  In  particular,  with  q  Rn  *  >  1,  the  sum  I  +  I,,  of  the  intensities  I  and  l„  trans- 
mitted  between  crossed  and  parallel  polars,  respectively,  is  smaller  than  that  for  the  quies¬ 
cent  fluid,  and  the  overall  field  appears  optically  homogeneous  (albeit  birefringent  and 
(S) 

oriented).  For  *ipRQ  *  <  0.1,  the  sum  l+  +  is  markedly  depressed  and  the  overall  field 

is  mottled  in  appearance.  This  is  not  consistent  with  the  flo w  predicted  in  connection  with 
Eqn.  60  (and  the  a.  in  Ref.  36),  and  may  suggest  some  kind  of  flow  instability,  perhaps 
similar  to  the  effect  predicted  in  connection  with  a.  given  in  Ref.  37. 

Values  of  plotted  in  Figure  3b  are  much  smaller  than  t)Q  extrapolated  for  the  isotropic 
fluid,  in  some  cases  being  in  the  range  expected  for  an  isotropic  fluid  with  cL/Ml  =  «#. 
Based  on  the  preceding  discussion,  it  is  not  clear  whether  >?p  should  be  identified  with  i ?b* 
or  ^  0  in  Eqn.  60,  or  with  neither  of  these. 

In  addition  to  the  complicated  flow  birefringence  behavior  at  small  *,  it  is  found  that  n  a  = 
(0J^/Ot)  1  determined  in  creep  at  stress  a  increases  with  decreasing  shear  rate 
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and  is  larger  than  t/p,  see  Figure  31,  whereas  y  *  determined  in  stress-growth  with  shear 
rate  *  =  By^/Bt  is  about  equal  to  tj  .  This  unusual  behavior  may  be  related  to  the  flow 
birefringence  behavior  reported  above.  In  other  respects,  the  rheological  behavior  is  similar 
to  that  given  by  Eqn.  57.  Thus,  as  shown  in  Figure  30,  the  R^tt)  determined  after  steady- 
state  flow  with  t>  R  k  /v  1  is  similar  to  RJt)  for  the  nematic  solutions.  Values  of  the 

'  p  K  /v  0 

(apparent)  X.  and  R.  calculated  with  Eqn.  14  and  R^(t)  so  determined  lead  to  (apparent)  r. 
and  r/.  that  reproduce  njnp  reasonable  well  for  vp^Klc  >  1  using  Eqn.  21. 
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Table  9: 

Leslie  Coefficient  for  Rodlike  Polymers 

Parameter3 

Ref.  36 

Ref.  37b 

a 

-s2 

-rS2 

a2!  k 

-S(1+2S)/(2+S> 

— (S/2)t  3(i —  1  )+2<  1 +2S)  ]/  [  3(r- 1  )+2+S  ]  =-S(4S- 1  )/(5S-2) 

*3/k 

-S(1-S)/(2+S) 

-(S/2)  [  3(r- 1  )+2(  1  -S)  ]  /  [  3(r- 1  )+2+S  ]  =S(  1  -S)/(5S-2) 

aj  k 

( 1  — S)/3 

(7-5S-2rS2)/35=(1-S)[1-(2/35)(1-S)(7+4S)]/3 

in 

<3 

S 

S(5+2rS)/7=S  [  1  -(2/2 1 )( 1 -SM3-4S)  ] 

«6/k 

0 

-2S(  1  -rS)/7=-2S(  1 -SH3+4SJ/2 1 

xsc 

1  — ( 1  — S>/3 

r-(  1  — S)/3=—  1  -5(  1  — S)/3 

r 

— 

1-4(1-S)/3 

a)  k=  jy  0'S°(  1  ~S)2;  i?0ISO  given  by  Eqn.  (18)  with  B=0. 

Since  a+a„  =  a  -a only  five  of  the  a.  are  independent 

2  3  D  o  I 

b)  Based  on  asymptotic  behavior  for  a.  given  in  ref.  37  and  approximate  relations  for 
X  and  r. 

C)  X  =  (a2+a3)/(a2~a^). 
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4.  STEADY-STATE  AND  TRANSIENT  RHEOLOGICAL  AND  RHEO-OPTICAL  PROPERTIES 
OF  MIXTURES  OF  RODLIKE  AND  FLEXIBLE  CHAIN  POLYMERS  IN  ISOTROPIC  SOLUTIONS 

SUMMARY 

Steady-state  and  transient  rheological  and  rheo-optical  properties  have  been  studied  for 
mixtures  of  PBT  and  nylon-66  in  methane  sulfonic  acid  solutions.  The  solutions  were  all 
isotropic.  The  zero-shear  viscosity  was  found  to  exhibit  an  unusual  dependence  on  com¬ 
position,  possibly  related  to  constraints  on  translational  diffusion  of  PBT  parallel  to  the 
molecular  axes.  Reduced  viscosity  and  flow  birefringence  behavior  for  the  mixture  can  be 
represented  using  a  single  integral  constitutive  equation  with  a  distribution  of  relaxation 
times  that  is  similar  to  that  for  the  nylon  free  solution,  after  normalization  of  the  relaxation 
times  by  the  terminal  relaxation  time. 

INTRODUCTION 

Rodlike  molucules  form  nematic  liquid  crystalline  solutions  in  which  the  molecular  axes  tend 
to  be  parallel.  Such  solutions  may  be  oriented  in  flow,  and  formed  into  fibers  and  films 
which  have  well  developed  uniaxial  orientation  that  confers  ultrahigh  stiffness  and  rigidity  in 
the  preferred  direction  (typically,  the  mechanical  properties  in  the  transverse  direction  are 
poor).  In  solution,  blends  of  rodlike  chains  and  flexible  chain  polymers  will  form  a  single 
isotropic  phase  under  certain  conditions  (typically  involving  low  concentration  of  the  two 
components),  or  will  form  two  phases,  an  isotropic  phase  rich  in  the  flexible  component 
and  an  ordered  (usually  nematic)  phase  rich  in  the  rodlike  component — a  theoretical  model 
of  Flory  and  co-workers  predicts  such  behavior.  Solution  processing  of  the  isotropic 
phase  offers  the  possibility  to  prepare  a  molecular  composite  in  which  the  rodlike  chains 
are  dispersed  among  the  flexible  chains.  Since  such  an  arrangement  would  not  represent 
an  equilibrium  state,  the  dispersion  would  have  to  be  trapped  by  manipulation  involving  the 
kinetics  of  the  various  operations.  For  example,  the  rodlike  chains  could  be  given  a  certain 
preferred  orientation  using  shear  or  elongational  deformations.  Subsequently,  it  would  be 
necessary  to  maintain  this  orientation  as  the  solvent  is  removed,  perhaps  through  a  process 
involving  coacervation. 

The  mechanical  properties  of  a  molecular  composite  should  present  features  unavailable 
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with  other  materials.  For  example,  these  materials  may  exibit  superior  (though  not  ultrahigh) 
rigidity  and  strength,  either  uniaxially  or  biaxially,  depending  on  the  orientation  introduced  in 
processing.  It  may  also  be  possible  to  prepare  heat-formable  composites  by  judicious 
selection  of  the  flexible  chain  polymer.  In  some  cases,  the  rodlike  polymer  may  exhibit 
useful  optical  properties  that  can  be  exploited  if  the  flexible  chain  polymer  is  amorphous 
and  transparent 

The  successful  imposition  of  molecular  orientation  through  processing  in  materials  compris¬ 
ing  mixtures  of  rodlike  and  flexible  chain  polymers  will  require  control  and  exploitation  of 
the  nonlinear  rheological  properties  of  the  fluids.  For  the  deformation  rates  of  interest 
one  can  anticipate  that  the  constitutive  equation  for  the  fluids  of  interest  will  be  no 
simplier  than  the  form  (expressed  within  a  hydrostatic  pressure) 

r3G  (s) 

ds  - 2-  Q  (t,s)  (65) 

3s  IJ 

q  26 

found  for  certain  rodlike  polymers  and  for  flexible  '  chains.  Here  GQ(t)  is  the  relaxation 
modulus  of  linear  viscoelasticity  and  Q  (t,s)  a  tensor  dependent  on  the  strain  history  be- 

/V 

tween  times  s  and  t — examples  of  Q  for  shear  and  elongational  deformations  are  given  in 
the  Appendix  B.  (If  the  fluid  is  anisotropic  at  rest,  this  relation  may  be  more  complex,  with 
3GQ(t)/3t  replaced  by  a  tensor.)  To  the  extent  that  Equ.  (65)  applies,  the  function  GQ(t)  be¬ 
comes  central  to  understanding  and  predicting  the  processing  behavior  of  the  fluid  of  in- 
terest  inasmuch  as  Q  appears  to  take  a  nearly  universal  form  for  coil  and  rodlike  chains.  ' 
26  Unfortunately,  we  are  not  able  to  predict  GQ(t)  for  heterodisperse  mixtures,  and  sys¬ 
tematic  studies  on  GQ(t)  for  mixtures  of  coil  and  rodlike  chains  are  lacking.  In  this  chapter, 
we  report  studies  on  solutions  containing  coil  and  rodlike  chains  to  elucidate  GQ(t)  as  a 
function  of  composition  and  to  evaluate  the  applicability  of  Equ.  (65)  to  these  materials  for 
nonlinear  deformations.  The  latter,  of  course,  would  be  of  central  interest  in  attempts  to 
design  appropriate  processing  strategies  for  the  fabrication  of  oriented  samples.  For  rod¬ 
like  fluids  discussed  in  the  preceding  and  coil  like  chains41,  the  steady-state  birefringence 
An^_  in  shear  deformation  at  shear  rate  *  can  be  represented  by  the  expression 

An!J3)  =  2CN{\)[Vkk)2  (66) 
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where 


=  I»tr,,22]«/2I»*‘,S 


with  y  ^  =  a  y^K  the  steady-state  viscosity  at  shear  rate  *,  and  C  is  a  material  constant 

(13) 

Study  of  An^  provides  information  on  the  molecular  orientation,  and  so  is  of  direct  in¬ 
terest  in  assessing  the  effects  of  flow  on  orientation.  In  principle,  and  practice  for  solu¬ 
tions  of  either  rodlike  or  coil  chains,  Equ.  (65)  may  be  used  to  compute  the  functions  N^1* 
and  j i  appearing  in  the  Equ.  (66).  The  application  of  these  relation  for  a  solution  of  mix¬ 
tures  of  rodlike  and  coil  chains,  is  discussed  in  the  following. 


EXPERIMENTAL 

Nylon-66  and  PBT  samples  were  provided  through  Dr.  W.  Adams,  Wright-Patterson  Air 
Force  Base,  Ohio.  The  PBT  has  [  ^  ]  =  3600  ml/g,  or  a  viscosity  average  contour  length 
=  200  nm.  Mixtures  were  prepared  with  the  compositions  given  in  Table  10.  In  all 
cases,  the  compositions  appeared  isotropic  and  homogeneous  when  viewed  with  a  poloriz- 
ing  microscope  at  temperatures  between  0  and  60  degrees  centigrade. 

Rheological  and  rheo-optical  experiments  were  carried  out  as  described  in  preceding  chap¬ 
ters  of  this  report 

RESULTS 

Values  of  the  zero  shear  viscosity  yQ  and  the  linear  steady-state  recoverable  compliance 
Rq  are  given  in  Table  10  (the  data  are  reduced  to  297K).  Values  of  the  time  constant  rc 
are  also  given  in  Table  10.  Values  of  yQlyN\ [7]  are  shown  as  a  function  of  cL^  in 
Figure  35.  Data  for  PBT  solutions  are  shown  for  comparison;  in  Figure  35.  c  refers  to 
only  the  PBT  concentration.  The  viscosity  for  nylon  solutions  containing  no  PBT  is  given  in 
Figure  36;  it  may  be  seen  that  yQ  for  the  nylon  solutions  is  very  small. 

The  flow  curve,  y  versus  *;  and  the  dynamic  viscosity,  y*  versus  w,  are  shown  in  Figure 

(13) 

37  for  one  composition.  Reduced  curves  for  y  h j_,  R  /Rft,  and  An  R.  versus  r  *  are 
given  in  Figures  37  to  40;  and  reduced  curves  for  the  stress  relaxation  y*{t)/yK;  and  the 
flow  birefringence  relaxation,  M  (t)/M^  versus  t/ft^  are  given  in  Figures  41  and  42. 
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DISCUSSION 


As  shown  in  Figure  A,  the  data  on  r>Jti  M[»]  L  for  the  mixture  form  a  smooth  curve. 

Us  c  rj 

For  the  mixture  with  the  smallest  PBT  concentration  c  studied,  i)Q  for  the  mixture  is  about 
equal  to  >?0  for  a  PBT  solution  with  the  same  c,  but  with  no  nylon.  For  the  mixture  with 
the  largest  c  studied,  >i0  for  the  mixture  is  about  ten-fold  larger  than  the  comparable 
nylon-free  PBT  solution.  For  the  c-range  studied,  i?0/»?sM[)?]  for  the  nylon  free  solutions 
is  given  by  Eqn.  18,  with  the  factor  (1-BX)-2  about  equal  to  unity,  i.e.,  g  ]  is 

proportional  to  (cL^)  .  The  gradual  departure  from  this  behavior  for  the  mixture  with  in¬ 
creasing  c  may  indicate  that  a  "free-volume"  factor,  similar  in  origin  to  the  factor  (1-BX)-2, 
may  become  important  for  the  mixtures.  This  would  indicate  restriction  on  the  translational 
motion  of  the  rodlike  PBT  chains  parallel  to  their  axes  due  to  the  presence  of  the  nylon. 
Alternatively,  the  viscosity  of  the  mixture  could  be  enhanced  by  some  more  direct 
entanglement-like  constraint  on  PBT  by  the  nylon.  We  prefer  the  former  explanation  at 
this  time,  especially  as  the  data  in  Figure  35  show  that  the  nylon-66  is  well  below  its  own 
entanglement  concentration  (eg.,  ’iQ/’is  is  about  proportional  to  the  nylon  concentration  in 
the  absence  of  PBT). 

The  data  in  Figure  37  show  that  the  equivalence  of  r\ ^  and  i i*(w)  for  i\  -  u>,  which  is 
characteristic  behavior  of  both  rodlike  and  coil  chains,  is  also  obtained  with  the  mixtures. 
Moreover,  as  shown  in  Figure  38,  the  flow  curve  JnQ  versus  r c*  is  independent  of  the 
composition,  and  is  also  the  same  for  the  mixtures  and  the  nylon-free  PBT  solutions, 
despite  the  appreciable  dependence  of  r  on  these  variables.  Thus,  as  interpreted  with 
Eqn.  (21),  the  distribution  of  reduced  relaxation  times  r./r  is  not  affected  by  composition 
for  these  samples.  This  implies  that  the  relaxation  times  for  the  nylon  are  far  smaller  than 
those  for  PBT.  Similar  behavior  is  observed  in  the  reduced  behavior  for  An  RQ  versus 
Consequently,  for  these  mixtures,  the  rheological  behavior  in  steady-state  flow  is 
very  similar  to  that  discussed  in  the  first  chapter  of  this  report 

Similarly  the  stress  and  flow  birefringence  relaxation  shown  in  Figures  41  and  42  form 
reduced  curves  using  a  reduced  time  t//?^.  with  fi  chosen  empirically.  As  with  the  rodlike 
chain  alone  (e.g.,  see  chapter  1),  P JT c  appears  to  depend  only  on  r c*;  see  Figure  43. 
Also,  as  with  those  solutions,  Z  r so  that  decreases  markedly  with  increasing  r\. 
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Table  10:  Compositions  of  PBT-Nylon  Solutions  Studied 


PBT 

IMY 

Wt% 

Polym. 

Wt.% 

PBT 

Wt% 

Nylon 

T 

°K 

’0 

poise 

a  -  la 

’oA 

poise 

cm^/Syne 

r 

sec 

80/20 

2.43 

1.944 

0.486 

302 

190X104 

238X1 04 

(0.0 1 04)b 

24800 

100/0 

1.80 

1.80 

0 

301 

2.3 

2.76 

0.0038 

105 

70/30 

2.50 

1.75 

0.75 

288 

165 

108 

(0.01 17) 

12600 

50/50 

2.55 

1.275 

1.275 

302 

8.4 

10.5 

(0.0106) 

1 1 10 

40/60 

2.78 

1.1 12 

1.668 

288 

28.5 

18.6 

(0.0185) 

3440 

30/70 

2.77 

0.831 

1.939 

302 

2.2 

2.76 

0.0130 

359 

100/0 

0.82 

0.82 

0 

302 

0.47 

0.59 

0.0098 

58 

20/80 

2.72 

0.544 

2.176 

301 

0.17 

0.20 

0.0082 

17 

(a)  A  =  exp  E(T  Mr-1)  with  E=4065K  and  Tr=297  °K 

(b)  R  in  parenthesis  are  calculated  as  r  /j?  with  r  determined  from  fit  of  9  hj  vs.  k 

with  curves  of  tj  vs.  r  . 

'  K  '  0  K 
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Figure  35: 

The  zero  sheer  viscosity  9  as  nJn,  M£f3  vs.  cL_  ^or  PBT-nylon  mixtures  (circles  with 
pipe)  and  PBT  in  nylon-free  solutions  — c  refers  To  PBT  concentration  only,  in  methane 
sulfonic  acid.  For  the  mixture,  the  compositions  are  (see  Table  10),  20/80,  ;  30/70,  ; 
40/60,  ;  50/50,  ;  70/30,  ;  and  80/20,  . 
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Figure  36: 

The  viscosity  of  the  nylon-66  polymer  used  as  a  function  of  the  nylon  concentration  (in 
PBT  free  solutions). 
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Figure  38 : 

flow  curve  for  PBT-nylon  mixture  and  PBT  solutions;  symbols  are  as  in  Fig.  35 
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Appendix  A 


3 

The  functions  and  .  in  Eqns.  21-23  are  given  by 

q*.i  =  (1  +  afi  “  fj2>exP  _  9j 
r  .  =  exp  -  R  n  /r. 

K, I  r  K  '  K  1  _  „ 

1  -  f.  (f  +  g.)2  +  f.2 
*•'  2  1  +  af.  ~  f2 

I  I 

where  f”1  =  1  +  r.x/y",  g.  =  y'lr.K  and  a  =  y'/y".  For  a  =  0,3,31 

(1  -  q  J  =  (1  +  r.K/y")~2 
(1  -  q  .  p  .)  =  (1  +  r./c//)"3 

The  expression  for  *  (t)  for  *t  >  y’  is  given  by 

■>«w = z«i 11  ■  <’«.i + « 

q^z)  =  (z  f.  -  f.2l  exp  [—[z~a)/(  1  — f.)  -  g.] 


where  z  =  kt/y” 


(A1) 

(A2) 

(A3) 


(A4) 

(A5) 


(A6) 
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Appendix  B 

In  general^the  tenaor  9  takes  on  the  fora 


where  Q£„is  the  limiting  behavior  obtained  for  "recently  small  deformations" 
(e.g.,  very  slow  deformations,  or  arbitrarily  fast  deformations  at  short  times), 
and  Fpq  accounts  for  nonlinear  effects.  For  example  for  shear  flows  with 
shear  strain  history  r<t),  the  tensor  components  are  given  by 


Q°(t,s) 


1  ♦  ra(t,s)  r(t,s)  0 
r(t,e)  1  0 

0  0  0 


F(t,s) 


F[7(t,s))  0  0 

0  F  rr(t.s)]  0 

0  0  F  [r(t,s)) 


with 


r(t,s) 


t 

J  dr(u) 
u=s 


For  elongational  flows  with  strain  history  X(t), 


Q*(t,s) 


X  (t,s)  0  0 

0  X  *(t,s)  0 

0  0  X*(t,s) 


F(t,s) 


f  rx(t.s)]  0  0 

0  f  rx(t,s))  0 

0  0  F  [X(t,s)J 


with 
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I 


I 

I 

I  '  t 

x(t,s)  -*xp  J  dX(tt) 

u=a 

Empirical  and  theoretical  forms  are  available  for  the  functions  Pi  appearing  in 
F(t,s),  permitting  calculation,  for  example,  of  the  steady  state  shear  viscosity 
v  v *,  end  elongational  viscosity  If*  as  functions  of  the  shear  rate,  along  with  a 

number  of  other  functions  including  the  first  normal  stress  difference  v(l)(t) 

r 

=  «tt(t)  -  *»s(t)  in  shear  deformation.  The  latter  is  strongly  dependent  on 
the  molecular  orientations  in  the  fluid. 


i 

I 

I 

| 
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